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Abstract
Serotonin and Social Competency
Hannah Weinberg-Wolf
2021

Despite the fact that serotonergic drugs are called upon to treat a myriad of
psychopathologies, the effect of serotonin on core behaviors and cognitive abilities are
poorly understood. This is especially true for cognitive functions which underlie socially
competent behavior. This dissertation aims to increase understanding of the role of
serotonin in other monitoring and social competency throughout development. Species of
primates, including humans, that live in complex social environments must allocate
extensive cognitive resources to monitor conspecifics. However, they must balance the
benefits of gathering social information with the need to monitor their non-social
environments. Social monitoring strategies vary across species, populations of the same
species, and even within populations. This variation seems to be dependent upon the
amount of social monitoring that is required for an individual to avoid conflict and maintain
its dominance rank. The serotonergic system has a history connecting it to socially
competent behavior, like other monitoring, although its causal role is not understood.
Therefore, better understanding how increasing concentrations of serotonin impact other
monitoring behaviors will clarify serotonin’s role in psychopathology and may help
clinicians predict how serotonergic interventions will influence pathologies. Furthermore,
better understanding how the relationship between early life stress and serotonin impacts
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social competency will improve our understanding of psychiatric disorders and help
develop novel interventions.
In Chapter 2 of the present dissertation, the role of serotonin in the allocation of
attention to social images, a core component of social monitoring, was studied by assaying
rhesus macaques’ unconstrained looking to social and non-social stimuli using a free
viewing paradigm (Dal Monte et al., 2014). We used a quantitative, repeated, withinsubject, design to test how increasing central concentrations of serotonin would impact
social looking behavior. Importantly, we found that increasing central concentrations of
serotonin with its direct precursor, 5-Hydroxytrypotophan (5-HTP), modulated looking
duration relative to individual differences in looking. 5-HTP decreased looking duration in
animals with high baseline attention, but increased looking duration in low baseline
attention animals. 5-HTP’s effects were also reflected in how engaged individuals were in
the task and how they allocated attention to salient facial features—the eyes and mouth—
of stimulus animals. Individual differences seem to be based in serotonergic function.
Compared to low baseline animals, high baseline looking animals exhibited higher baseline
concentrations of 5-HTP and serotonin and lower 5-HIAA to serotonin ratios indicating
central serotonergic functioning may underlie and predict variation in serotonin’s effects
on cognitive operation.
The individual differences in 5-HTPs effects on looking increased our interest in
serotonin’s role in balancing the costs and benefits of monitoring others (Weinberg‐Wolf
and Chang, 2019). In Chapter 3, we tested the effect of 5-HTP on macaque’s abilities to
flexibly switch between two actions: orienting to faces, or, at other times, inhibiting
orientation towards faces. Critically, we found that 5-HTP also only impaired the ability to
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inhibit orientation to faces, but did not impact inhibition performance on trials with control
images. It also seems that 5-HTP made animals less flexible, causing them to persevere in
actions more. Furthermore, 5-HTP’s effects on performance are likely due to changes in
arousal and motivation state as 5-HTP’s impairments were linked to increased reaction
time, animals taking longer to initiate trials, and a constricted pupil.
Serotonin is also implicated in the development of psychiatric disorders, especially
Autism Spectrum Disorders. In Chapter 4, we examined the relationship between infant
serotonergic function, assayed via CSF concentrations of 5-HIAA, and the acquisition of
social status. We found that neonatal (11-32 days) 5-HIAA concentrations positively
predict eventual, acquired, social rank. Furthermore, this relationship was strongest
amongst macaques who had been reared by their mothers compared to those reared without
mothers. In addition, mother reared infants exhibited higher concentrations of CSF 5-HIAA
and attained higher social rank than their peers. These finds support the relationship
between serotonin and early social experience in socially competent development. By
considering the findings presented in Chapters 2, 3 and 4, we discuss, in Chapter 5, the
role of serotonin in competent social monitoring and its development. We also discuss a
plausible evolutionary explanation for variability in other monitoring behaviors and for
variable effects of serotonin on cognition and behavior. Finally, we consider future
directions researchers should explore as the field progresses.
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1
Introduction
1.1

PRIMATES

MUST

MONITOR

OTHERS

TO

BE

SOCIALLY

COMPETENT
Many species of primates, including humans, live in complex social environments, and
must monitor other individuals to avoid conflict, share resources, and maintain status
within their groups. Primates thus allocate extensive cognitive resources to monitor
conspecifics. However, primates must balance the need to gain information about social
partners with the need to exploit food sources and avoid predation and environmental risks
and flexibly alternate between behaviors. Non-human primate social monitoring strategies
vary across species, populations of the same species, and even within populations. These
differences in strategies seem to be dependent upon the amount of social monitoring
required for an individual to avoid conflict and maintain its dominance rank. Given that
serotonin plays a critical role in regulating primate aggression and dominance rank, I
suggest that serotonin, at least in part, also plays a role in social monitoring. I will begin
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my dissertation by consolidating evidence across the fields of primatology, psychology,
and neuroscience to discuss variability in other monitoring behaviors and the potential role
serotonin plays in this variability (Weinberg‐Wolf and Chang, 2019). I will also discuss
the role of serotonin in Autism Spectrum Disorder (ASD) and its development and consider
how variability in treatment outcomes, in both ASD and other psychopathologies like
depression and anxiety, provide addition evidence for the role of serotonin in variability in
social monitoring and social function. I will thereafter outline novel evidence for these
hypotheses from three studies conducted throughout the course of my doctorate. I will end
with a discussion of how the results of these novel studies fit into the existing literature and
support ideas about the role, both evolutionarily and developmentally, of serotonin in social
monitoring and social competency in non-human primates.

FIGURE 1.1 Monitoring others for gaining social information in primates. (a) Many
primate species gather social information by either monitoring others when information is
directed from a conspecific “A” to themselves (direct-social monitoring) or when info
information is communicated between conspecific “A” to conspecific “‘B” (indirectsocial, or third-party, monitoring)

2

1.1

MONITORING OTHERS HELPS INDIVIDUALS NAVIGATE THEIR
SOCIAL ENVIRONMENTS

For the purposes of this dissertation, I define monitoring others as the act of orienting
towards, attending to, looking at, or watching conspecifics. Social information gleaned by
monitoring others is not only information directed from conspecific ‘A’ to oneself (directsocial monitoring), but also information that is independent of oneself, i.e. directed from
conspecific ‘A’ to a third conspecific, conspecific ‘B’ (indirect-social monitoring, or thirdparty monitoring) (Fig. 1.1).
Historically, primatologists have studied what primates know about others.
Through this work, we know that monkeys can, and do, use social information to represent
social relationships including kinship and dominance (Cheney and Seyfarth, 1990, 1999;
Parr et al., 2000; Shepherd et al., 2006; Parr and Heintz, 2009; Pokorny and de Waal, 2009).
Monitoring both direct- and indirect- social information allows monkeys to more quickly
represent social relationships and this can help them determine which individuals will
reciprocate prosocial behavior, preventing them from wasting resources on unreciprocated
altruistic behavior (Trivers, 1971). Even more importantly, gaining social information and
representing social relationships allows individuals to navigate complex social
environments while reducing the need for potentially threatening direct interactions. This
is true for many species, but especially for the species of primates that live in complex
social groups organized into linear dominance hierarchies (Rowell, 1974). In these
societies, like those of macaques, it is crucial for each individual to know their relative
dominance rank; aggressing towards a higher-ranking animal can result in injury or death
(Higley et al., 1996e; Silk, 2007) while inappropriately submitting to lower-ranking
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animals can result in a loss of resources or decrease in dominance status (Rowell, 1974;
Pusey et al., 1997; Wittig and Boesch, 2003; Sapolsky, 2005). Physical cues such as size
and age are not the most reliable predictors of dominance rank in some species, including
macaques (Bernstein and Gordon, 1980; Maestripieri and Wallen, 1997). In these species,
where age and size are not perfect predictors of rank, individuals rely on species-typical
social signals (de Waal and Luttrell, 1985) to communicate and decipher dominance
hierarchies. For example, macaque dominance hierarchies seem to be signaled by facial
expressions (Maestripieri, 1997; Partan, 2002) and reflected in social gaze dynamics (Dal
Monte et al., 2016).
Indeed, social primates are adapted to seek out, value, and use social information
related to faces (Anderson, 1998). Infant rhesus macaques as young as 3 weeks of age are
more likely to detect faces and look longer at faces relative to non-social stimuli. By the
age of 3 months, this face-prioritizing visual system has been tuned specifically to
conspecific faces relative to other primate and animal faces (Simpson et al., 2017). In
addition, when viewing dynamic video clips of naturalistic scenes, humans and macaques
direct their attention to social agents even when these locations are not predicted by a model
that only considers low-level visual characteristics (e.g., contrast, stimulus orientation)
(Shepherd et al., 2010).
Laboratory studies also indicate that adult rhesus macaques readily recognize
individuals (Pokorny and de Waal, 2009), their facial expressions (Parr and Heintz, 2009)
and statuses (Shepherd et al., 2006). Primates also seem to strategically devote cognitive
resources to maximize the information they gain by monitoring others. In a naturalistic
scene viewing task, macaques viewed conspecifics earlier, and for a longer period of time,
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when they exhibited directed eye gaze and redder sex skin, which both convey particularly
important social information (Solyst and Buffalo, 2014). Furthermore, macaques
frequently direct attention to the eye region of faces (Dal Monte et al., 2016), scan faces
conveying agonistic and affiliative expressions differently (Nahm et al., 1997), attend to
stressed individuals more than those who are not (Whitehouse et al., 2016), and attend to
photos of novel conspecifics more than familiar conspecifics (Gothard et al., 2004), likely
to maximize gained social information. When foraging for social information, rhesus
macaques decide to explore or exploit “patches” that offer varying amounts of novel social
information (Turrin et al., 2017), indicating that they employ a strategy in seeking social
information. This strategy seems to be guided by social value. For instance, male macaques
are more willing to forgo juice rewards to observe the perinea of fecund females and the
faces of high ranking macaques (Deaner et al., 2005). In addition, macaques prioritize the
objects of attention of others by reflexively following the gaze of conspecifics and humans
(Mosher et al., 2014; Putnam et al., 2016; Drayton and Santos, 2017), but more readily
follow the gaze of high dominance status individuals (Shepherd et al., 2006) and of friends
(Micheletta and Waller, 2012).
While social information is important, monitoring others for too long a period of
time can be risky. Individuals can miss out on time spent grooming and strengthening social
connections (Maestripieri, 1993; Cords, 1995; Mooring and Hart, 1995). In addition, direct
eye gaze can be considered to be a threat to macaques (Maestripieri, 1997). Thus, animals
also gain dominance related information by attending to third party, or other-other,
interactions (Qu et al., 2017). This allows individuals to avoid having to learn about
dominance hierarchies through direct competition and thus limits fighting and antagonistic
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interactions. Rhesus macaques are able to use behavioral cues to identify, responding via
joystick, which of two unfamiliar conspecifics was the dominant individual in artificially
created videos (Bovet and Washburn, 2003). Another study demonstrated that macaques
were not only able to learn which of two novel conspecifics was the dominant individual,
but were also able to remember and transfer, responding via touchscreen, this dominance
relationship to new videos where the recorded animals provided no dominance information
(Paxton et al., 2010).

1.3

VARIABILITY IN MONITORING OTHERS EXISTS BETWEEN
INDIVIDUALS, POPULATIONS, AND SPECIES

Individuals must judiciously balance the benefits and costs of monitoring conspecifics
(Fig. 1.2). Monitoring others can yield valuable information about fecundity, dominance
ranks, and third-party environment information. However, the excessive monitoring of
conspecifics can cause animals to accidentally aggress to conspecifics and reduces the
amount of time individuals can devote to scanning their environment for resources or
potential threats (Caine and Marra, 1988; Gould et al., 1997; Unwin and Smith, 2010).
Therefore, the ability to balance social and environmental monitoring requires flexibility,
a core aspect of behavior that serotonin has been implicated in regulating (Clarke et al.,
2004; Clarke et al., 2005; Matias et al., 2017; Alsiö et al., 2020; Roberts et al., 2020).
Indeed, primates are required to flexibly shift between obtaining useful social information
from group members and acquiring valuable information about potential threats and
resource opportunities from the environment (Caine and Marra, 1988). This balance can
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be reflected as variation in monitoring behaviors, and can be observed in the laboratory
and in the wild, across individuals, populations, and species.
Third party monitoring can differ across individuals according to age, gender, and
dominance rank. As rhesus macaques age they tend to modulate gaze following, increasing
gaze following into adolescence and then decreasing gaze following into adulthood (Rosati
et al., 2016). This is likely because juvenile rhesus depend on monitoring other-other
interactions to learn relative dominance rankings, but this need decreases with age as
individuals gain more knowledge of, and become more established in, their dominance
ranks (Rosati et al., 2016). Adult rhesus males are more vigilant and monitor conspecifics
more than females (Watson et al., 2015), likely because the dominance ranking of males
are more volatile than female rhesus, who exhibit inherited dominance ranks (Holekamp
and Smale, 1991). However, adult females follow gaze more readily than adult males
(Rosati et al., 2016). Moreover, as macaques age their rates of direct gaze also change.
Bonnet macaques exhibit increased eye contact from infancy to adolescence, and then
decrease direct gaze into adulthood, likely because adult macaques punish direct gaze more
as macaques age (Coss et al., 2002). Amongst infant macaques, males view conspecifics’
faces more than females, although this effect was reversed amongst infants who were
reared without their mothers (Paukner et al., 2018). Maternal dominance rank can also
influence other monitoring behaviors. Infant male rhesus with high-ranking mothers
looked at faces, especially eyes, more than those with low-ranking mothers (Paukner et al.,
2018), perhaps because high-ranking mothers are less restrictive and punish direct gaze
less (White and Hinde, 1975). Infants of high-ranking mothers were also more vigilant for
social threat (Mandalaywala et al., 2014).

7

FIGURE 1.2 The costs and benefits of social monitoring. Primates must balance the costs
and benefits associated with social monitoring. From direct-social monitoring, primates
can gain information about conspecifics fecundity and dominance status. From indirectsocial monitoring they can learn not only about fecundity and dominance status, but also
environmental risk, food sources, and predation. However, monitoring others for too long
can result in the social cost of unintentional aggression. It can also cause a reduction in
environmental monitoring which can cause animals to learn less about environmental risk,
food sources, and predation
An individual’s own dominance rank also strongly influences patterns of social
monitoring (Haude et al., 1976; Capitanio et al., 1985; Capitanio, 1987; Gould et al., 1997;
Chalmeau et al., 1998; Pannozzo et al., 2007; Evers et al., 2012). Haude and colleagues
found that middle ranking rhesus macaques looked at conspecifics more frequently, but
that each of these looking events was for a shorter period of time, than low or high-ranking
individuals (Haude et al., 1976). This is likely because the dominance statuses of middle
ranking individuals are more volatile, requiring them to be more vigilant towards
conspecifics, hence the increased number of looks. However, middle ranking individuals
8

also need to avoid accidentally aggressing to others during their heightened vigilance,
hence the relative short duration of each looking event in order to prevent accidental direct
eye contact. Capitanio and colleagues observed a similar effect in pigtailed macaques;
middle ranking females spent relatively longer monitoring conspecifics compared to lowand high- ranking females (Capitanio et al., 1985). In addition, middle-ranking pigtailed
macaques attended most to videos that featured the next highest-ranking females,
particularly when they exhibited submissive gestures, which would be incongruent to the
relative dominance status between the stimulus female and the tested female. Furthermore,
these middle-ranking macaques increased aggression in the home cage after viewing these
videos, but not other types of videos (Capitanio, 1987). Thus, macaques modulate rates of
social monitoring depending on their relative dominance relationships and use social
information to update their own ranks.
Not surprisingly, social monitoring can also vary across populations (Unwin and
Smith, 2010; Kaburu et al., 2019) and across species (Caine and Marra, 1988; Gould et al.,
1997; Treves, 1998; Kano et al., 2018). Bonnet macaque populations living in the forest
decrease direct gaze as they age, while populations living in urban environments maintain
juvenile levels of direct gaze into adulthood (Coss et al., 2002). This difference is likely
driven by an increased demand to monitor the environment for predators in the forest
relative to urban settings. In addition, bonnet macaques in urban settings live in smaller
territories and thus live in closer physical proximity to conspecifics, increasing the
likelihood of fighting. Increased population density, like in these urban settings, is also
associated with increased, chronic, stress hormones (Dettmer et al., 2014). For this reason,
bonnet macaques in urban settings devote more time than their forest counterparts to
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monitoring conspecifics in order to avoid ingroup fighting (Coss et al., 2002). While bonnet
macaques typically decrease directed gaze with age, rhesus macaques decrease gaze
following with age. In contrast, barbary macaques, a highly tolerant species with relatively
flat dominance hierarchies, maintains juvenile levels of gaze following into adulthood
(Rosati and Santos, 2017). This is perhaps because barbary macaques are punished less for
direct gaze behavior and do not fear social repercussions relative to their more despotic
relatives, i.e. the rhesus and bonnet macaques. Amongst primates, there exists variability
between individuals, populations, and species in their social monitoring behaviors and
these differences are seemingly driven by socioecological and sociobiological distinctions.

1.4

SEROTONIN

PLAYS

A

CENTRAL

ROLE

IN

REGULATING

DOMINANCE, AGGRESSION, AND IMPULSE CONTROL
While monitoring others is a crucial component of dominance hierarchies, the
establishment and maintenance of these hierarchies also generally relies on some level of
aggressive behaviors. It ensures that individuals can maintain access to limited resources
and defend themselves against others (Rowell, 1974; de Waal, 1986; Clarke and Boinski,
1995; Chiao, 2010; Qu et al., 2017). However, high levels of aggression are maladaptive
and can lead to low social competency and impaired quality of life (Rowell, 1974; de Waal,
1986; Higley et al., 1996e). Central serotonin has been implicated repeatedly, and across
many species, in regulating maladaptive aggression (Garattini et al., 1967; Valzelli, 1971;
Gibbons et al., 1979; Linnoila et al., 1983; Coccaro, 1992; Coccaro et al., 1997; Manuck
et al., 1998; Ferrari et al., 2005). While researchers have found that central concentrations
of the serotonin metabolite 5-hydroxyindoleacetic Acid (5-HIAA) are overall inversely
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correlated with aggression in rhesus macaques (Higley et al., 1992), low CSF 5-HIAA
concentrations have been linked specifically to only one subtype of aggression: impulsive
aggression, or aggression that is unprovoked or unproductive and will not help an
individual maintain access to resources or secure dominance status (Higley and Linnoila,
1997). This relationship is further supported by extensive work, in multiple species,
showing that low CSF 5-HIAA concentrations correlate with poor impulse control,
impaired social functioning, severe wounding, and even mortality (Higley et al., 1992;
Higley et al., 1994; Mehlman et al., 1994a; Taub and Vickers, 1995; Higley et al., 1996c;
Higley et al., 1996b; Higley et al., 1996e; Higley et al., 1996d; Higley and Linnoila, 1997;
Mehlman et al., 1997; Westergaard et al., 1999; Zajicek et al., 2000; Fairbanks et al., 2001;
Westergaard et al., 2003). As a consequence of systemic serotonergic impairments,
primates with low CSF 5-HIAA concentrations are less likely to acquire and maintain
social dominance ranks than those with high CSF 5-HIAA concentrations (Higley et al.,
1992; Higley et al., 1996c; Higley et al., 1996d; Mehlman et al., 1997; Westergaard et al.,
1999; Zajicek et al., 2000; Kaplan et al., 2002; Howell et al., 2013).
In humans, modulating central serotonergic function affects aggression,
impulsivity, and dominance according to individuals’ baseline levels of, and risk factors
for, these behaviors. Increasing central serotonin with tryptophan loading or selective
serotonin reuptake inhibitors (SSRIs) leads to a decrease in laboratory measures of
aggression as well as naturalistic or laboratory measures of quarrelsomeness, resulting in
an increase in dominance and reported agreeableness (Bjork et al., 2000; Wai and Bond,
2002; aan het Rot et al., 2006). Conversely, decreasing central concentrations of serotonin
with Acute Tryptophan Depletion (ATD) increases laboratory measures of aggression and
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decreases naturalistic dominance and agreeableness (Cleare and Bond, 1995; Bjork et al.,
2000; Moskowitz et al., 2001; aan het Rot et al., 2006). Furthermore, these effects are more
pronounced for individuals exhibiting extreme aggression (Cleare and Bond, 1995) or for
those with a family history of impulsivity (Crean et al., 2002). These complementary
effects, of impairing serotonergic function increasing aggression and decreasing
dominance, suggest that serotonin may be down-regulating impulsive aggression that is
maladaptive.
When investigating impulsive behaviors more generally, ATD increases laboratory
measures of impulsivity, as seen in increased commission errors in emotional go/no-go
tasks (LeMarquand et al., 1999; Rubia et al., 2005) and impaired waiting impulse control
(Cools et al., 2005; Crockett et al., 2010b). Importantly, these effects are again especially
profound for those with a family history of alcoholism (LeMarquand et al., 1999; Crean et
al., 2002), indicating that individual differences, especially those associated with impaired
impulse control, are critical to predicting the effects of central serotonin manipulations.
Inhibitory control has also been studied in individuals with ASD, as an active hypothesis
is that the stereotyped and repetitive behaviors associated with ASD are underpinned by
inhibitory control deficits. Researchers have found that ATD exacerbates repetitive
behaviors amongst individuals with ASD (McDougle et al., 1996a). ATD also increases
frontal and thalamic activation, but decreased striatal and cerebellar activity, during a
go/no-go task. Critically, the opposite pattern was observed in neurotypical controls
(decreased fronto-thalamic activity and increased striato-cerebellar activity). Furthermore,
the severity of ASD symptoms correlated with activity changes due to ATD (Daly et al.,
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2014). These results indicate that diversity in serotonergic interventions on aggression,
dominance, and impulse control behaviors could be due to individual differences.

1.5

SEROTONERGIC INTERVENTIONS HAVE VARYING OUTCOMES IN
INDIVIDUALS

WITH

DEPRESSION

AND

AUTISM

SPECTRUM

DISORDER
The serotonergic system is not only involved in dysregulated aggression and impulse
control, it has also been implicated in numerous neuropsychiatric disorders including
depression, anxiety, schizophrenia, and ASD. In addition, drugs which target the
serotonergic system, (mainly SSRIs, but also others including tricyclic antidepressants and
monoamine oxidase inhibitors) are used to treat disorders ranging from depression and
anxiety to impulse control disorders, dysregulated aggression, and also ASD. Especially
relevant to the current discussion is the role of serotonin in depression and ASD and
variable treatment outcomes of serotonergic interventions.
Despite varying levels of replication, most researchers agree that on average
depressed, and often recovered depressed, individuals exhibit impairments in their
serotonergic system. Impairments include diminished platelet serotonin uptake (Coppen et
al., 1978), lower concentrations of plasma tryptophan (Cowen et al., 1989), lower challenge
based prolactin response to serotonin reuptake blockers (Deakin et al., 1990), lower central
concentrations of 5-HIAA (Mendels et al., 1972), decreased 5-HTP uptake (Agren et al.,
1991) and decreased 5-HT1A receptor binding (Bhagwagar et al., 2007). Early evidence
illustrated that treatments with iproniazid (a monoamine oxidase inhibitor) or tryptophan
loading improved patients’ moods (Lauer et al., 1958) and since then, many researchers
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have investigated the efficacy of antidepressants and serotonergic precursor loading.
However, meta-analytic studies indicate that antidepressant medications, like SSRIs, only
improve depressed symptomatology about half of the time (Turner et al., 2006; Chekroud
et al., 2016), and in other cases, worsen symptoms (Fux et al., 1993). While research on
the mood effects of serotonergic precursors is much more limited, tryptophan and 5-HTP
also seem to improve mood in depressed patients about half the time (Young, 1996; Shaw
et al., 2002; Turner et al., 2006; Javelle et al., 2019), although some preliminary studies
suggest that combining 5-HTP with SSRIs may improve efficacy by simultaneously
targeting serotonin uptake and synthesis (Turner and Blackwell, 2005; Jacobsen et al.,
2016; Jacobsen et al., 2019). Decreasing central concentrations of serotonin with ATD can
result in categorically distinct changes in healthy versus at-risk groups. Evidence of
negative mood induction in healthy individuals is reported in only half of tryptophan
depletion studies (Ruhé et al., 2007). However, studies with at-risk groups indicate fairly
consistent evidence that ATD causes a decrease in mood for medicated, but currently
depressed individuals (Delgado et al., 1994), recovered depressed individuals (Smith et al.,
1997; Smith et al., 1999; Leyton et al., 2000; Booij et al., 2005b; Merens et al., 2008), and
individuals with a family history of depression (Benkelfat et al., 1994; Ellenbogen et al.,
1999; Klaassen et al., 1999; Quintin et al., 2001; van der Veen et al., 2007). In addition,
ATD causes a decrease in mood for other at-risk groups, like those suffering from anxiety
(Griebel, 1995; Kent et al., 1998; Van der Does, 2001), impulse-related conditions like
aggression (Cleare and Bond, 1995) and substance abuse (Van der Does, 2001).
The effects of manipulating central serotonin on cognition, particularly emotional
recognition and biases, also markedly differ according to risk factors and baseline
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differences in behavior (Bhagwagar et al., 2004; Hayward et al., 2005; Robinson et al.,
2010). Bhagwagar et al. (2004) examined how citalopram modulates the accuracy of
categorizing facial expressions in both healthy women and women with a history of
depression. A single dose of citalopram increases the recognition of fearful faces in healthy
volunteers, but decreases fear recognition in subjects with a history of depression
(Bhagwagar et al., 2004). Furthermore, Hayward et al. (2005) accesses emotional
recognition with the same task, but instead examines how decreasing central serotonergic
function with low-dose ATD modulates recognition accuracy. ATD decreases the
recognition of happy faces in healthy volunteers, but instead increases the recognition of
happy emotions in recovered depressed patients (Hayward et al., 2005). Finally, Robinson
et al. (2009) examines if decreasing central serotonergic function with ATD leads to
divergent effects on cognitive biases depending on whether healthy participants had been
induced with a positive, neutral, or negative mood prior to the start of the task. Inducing a
positive mood leads to a positive cognitive bias on a cued-reinforcement reaction-time task
that is abolished due to ATD. By contrast, inducing a negative mood, which leads to no
cognitive bias under placebo, results in a positive cognitive bias following ATD. These
bidirectional effects are replicated in a second population with a different assessment of
cognitive bias, the self-referent encoding/retrieval task (Robinson et al., 2010). These
findings mirror the above studies – subjects who enter the tasks with an induced positive
or neutral mood experience a change in cognitive bias towards negative due to ATD,
similarly to Hayward and colleagues’ healthy controls, and those with an induced negative
mood experience a positive change in cognitive bias due to ATD. Even baseline differences
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in mood seem to be powerful enough to cause a categorically distinct cognitive effect due
to serotonergic intervention.
Depression often presents comorbidly with other neuropsychiatric disorders,
especially anxiety (Gorman, 1996; Lucki, 1998). Depression is also often observed in
individuals with ASD (Simonoff et al., 2012) and ASD is associated with a family history
of depression (Vasa et al., 2012; Rai et al., 2013). In addition, abnormalities in the
serotonergic system have been linked to ASD and its social symptoms (Schain and
Freedman, 1961; Cook and Leventhal, 1996; Chugani, 2002; Sutcliffe et al., 2005; Muller
et al., 2016). ASD has been associated with elevated whole blood serotonin levels
(Anderson et al., 1987c; Abramson et al., 1989; Veenstra-VanderWeele et al., 2012), along
with reduced central levels of 5-HIAA (Adamsen et al., 2014), heightened serotonin brain
synthesis (Chugani et al., 1999), increased response to 5-HTP (Croonenberghs et al., 2005),
and a reduction in concentrations of serotonin receptors and the serotonin transporter in
brain regions linked to social behavior (Oblak et al., 2013; Zürcher et al., 2015; Garbarino
et al., 2019). Moreover, depleting central serotonin with ATD in individuals with ASD
tends to exacerbate symptoms (McDougle et al., 1996a). Conversely, in a rodent model of
ASD, social deficits have been rescued by driving serotonin transporter activity (Robson
et al., 2018), or by activating serotonergic cells in the dorsal raphe nucleus (Walsh et al.,
2018) and involuntary muscle movements, myoclonus, improve with 5-HTP treatment
(Chadwick et al., 1977). While SSRIs seem to ease symptoms for some individuals with
ASD (McDougle et al., 1996b; Buchsbaum et al., 2001; Hollander et al., 2005; Hollander
et al., 2012), results are largely equivocal (King et al., 2009; Williams et al., 2011;
Reddihough et al., 2019) and require larger clinical trials.
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1.6

SEROTONIN IS CRITICALLY INVOLVED IN COMPETENT SOCIAL
DEVELOPMENT

The mechanistic relationship between serotonergic dysfunction and the deficits associated
with ASD remains unclear. In addition to about a third of individuals with ASD exhibiting
hyperserotonemia (Anderson et al., 1987c; Abramson et al., 1989; Veenstra-VanderWeele
et al., 2012), a family history of hyperserotonemia is thought to increase the risk of autism
(Hadjikhani, 2010). Platelet serotonin levels are correlated between mothers and infants,
and maternal SSRIs reduce serotonin uptake in fetuses’, although this normalizes quickly
after birth (Anderson et al., 2004). Because of these findings, studies have queried whether
prenatal and perinatal exposure to serotonin, usually via maternal SSRIs, are related to
ASD. In fact, some work has shown that maternal SSRIs are associated with increased rates
of ASD (Croen et al., 2011; Rai et al., 2013; Gidaya et al., 2014; Man et al., 2015; Kaplan
et al., 2016; Rai et al., 2017) although only amongst healthy mothers and not those with
psychiatric disorders (El Marroun et al., 2014; Kobayashi et al., 2016). However, other
studies have failed to replicate these findings (Hviid et al., 2013; Brown et al., 2017; Sujan
et al., 2017) or indicate that the effects of maternal SSRIs on rates of ASD can be explained
by maternal depression or anxiety (Levitt, 2011; Harrington et al., 2013; Viktorin et al.,
2017). Despite this, researchers have created developmental hyperserotonemia rodent
models of ASD and shown that pre- and peri-natal serotonin can lead to a loss of serotonin
terminals due to negative feedback with concomitated impairments to the oxytocin system
(Yang et al., 2014), dysregulation of the hypothalamic-pituitary (HPA) axis (Hadjikhani,
2010), deficits in social behaviors and increases in repetitive behaviors (Maloney et al.,
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2017; Gemmel et al., 2018; Bond et al., 2020) along with increased aggression and
impaired, eventual, maternal behavior (Svirsky et al., 2016). Other environmental rodent
models of autism, like those using valproic acid, also exhibit hyperserotonemia
(Hadjikhani, 2010; Muller et al., 2016). Hyperserotonemia has been observed in
individuals with obsessive compulsive disorder (OCD) during development, indicating that
the potentially negative effects of serotonin exposure during development are not limited
to ASD (Muller et al., 2016). However, it should be noted that serotonin during pregnancy
also impacts maternal behavior (Angoa-Pérez and Kuhn, 2015) and typical fluctuations in
serotonin throughout reproduction are understudied and therefore the effects of maternal
SSRIs are not fully understood (Lonstein, 2019; Pawluski et al., 2019).
Furthermore, the effects of maternal serotonin exposure on infant development vary
according to the form of exposure, genetics, maternal stress, maternal care, and social
environment during infants’ development (Oberlander, 2012). This means that while
sometimes hyper-serotonin exposure can put individuals at risk for atypical development,
it can also cause an especial sensitivity to positive environmental experiences (Oberlander,
2012). Overall, maternal care plays a large role in social development, interacting with
genetics to influence social development (McCormack et al., 2009; Howell et al., 2014;
Mandalaywala et al., 2014; Mandalaywala et al., 2017; Madrid et al., 2018). Early social
interactions also promote social behavior in primates, both between infants and their
mothers and between infants and human experimenters (Dettmer et al., 2016). Maternal
care also impacts the serotonergic system of offspring (Hellstrom et al., 2012). Maternal
separation is used to model early life stress and neuropsychiatric disorders (Dettmer and
Suomi, 2014). Macaques raised without their mothers experience heightened stress
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(Dettmer et al., 2012), exhibit lower levels of cCSF 5-HIAA from early life through 5
months of age (Shannon et al., 2005), are more reactive and impulsive (Murphy and
Dettmer, 2020), and attain lower social rank as adults (Bastian et al., 2003; Dettmer et al.,
2017), although the relationship between rearing and stress and behavior may be mediated
by individual differences in genetics (Chen et al., 2010). Later in life, treatment with the
SSRI fluoxetine increases social interaction in juvenile macaques (Golub et al., 2016),
perhaps by increasing serotonin transporter upregulation (Shrestha et al., 2014), while the
SSRI citalopram seems to protect against the social deficits associated with maternal
separation (Marais et al., 2006). Together, these results support the role of serotonin in the
developing social brain and illustrate the relationship between early social interactions,
especially maternal interactions, and serotonin mediated social development.

1.7

OVERVIEW OF DISSERTATION STUDIES

Across three studies, this dissertation aims to increase understanding of the role of
serotonin in other monitoring and social competency throughout development. Better
understanding how increasing concentrations of serotonin impact other monitoring
behaviors will clarify serotonin’s role in psychopathology and may help clinicians predict
how serotonergic interventions will influence pathologies. In addition, clarifying the
relationship between early life stress and serotonin on long term social competency can
increase our understanding of the development of psychiatric disorders and help develop
novel interventions.
In Chapter 2 we investigated the role of serotonin in one component of social
monitoring by assaying rhesus macaques’ unconstrained looking to social and non-social
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stimuli using a free viewing paradigm (Dal Monte et al., 2014). We used a quantitative,
repeated, within-subject, design to test how 5-HTP would impact looking behavior.
However, no previous studies had reported if 5-HTP successfully crossed the blood-brain
barrier and increased central concentration of both 5-HTP and serotonin in rhesus
macaques. Because of this, we collected cervical CSF from subjects during saline and 20
or 40 mg/Kg 5-HTP. We found that 5-HTP dose dependently increased central 5-HTP and
serotonin without affecting other catecholamine levels (Weinberg-Wolf et al., 2018). 5HTP also constricted pupil size in all animals, suggesting that 5-HTP consistently impacts
autonomic arousal. Importantly, we found that 5-HTP modulated looking duration relative
to individual differences in looking during saline sessions. 5-HTP decreased looking
duration in animals with high baseline attention, but increased looking duration in low
baseline attention animals. 5-HTP’s effects were also reflected in how engaged individuals
were in the task and how they allocated attention to salient facial features—the eyes and
mouth—of stimulus animals. Individual differences seem to be based in serotonergic
function. Compared to low baseline animals, high baseline looking animals exhibited
higher baseline concentrations of 5-HTP and serotonin and lower 5-HIAA to serotonin
ratios indicating central serotonergic functioning may underlie and predict variation in
serotonin’s effects on cognitive operation.
The individual differences in 5-HTPs effects on looking increased our interest in
serotonin’s role in balancing the costs and benefits of monitoring others (Weinberg‐Wolf
and Chang, 2019). In Chapter 3, we tested the effect of 5-HTP on macaque’s abilities to
flexibly switch between two actions: orienting to faces, or, at other times, inhibiting
orientation towards faces. 5-HTP impaired both orientation and inhibition performance.
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While 5-HTP impaired orienting to faces and scrambled controls, it only impaired the
ability to inhibit orientation to faces. It also seems that 5-HTP made animals less flexible,
causing them to persevere in actions more. Finally, 5-HTP’s effects on performance were
likely due to changes in arousal and motivation state as 5-HTP’s impairments were linked
to increased reaction time, increased time to initiate new trials, and a constricted pupil.
Serotonin is also implicated in the development of psychiatric disorders, especially
ASD. In Chapter 4, we examined the relationship between infant serotonergic function,
assayed via CSF concentrations of 5-HIAA, and the acquisition of social status. We found
that neonatal (11-32 days) 5-HIAA concentrations positively predict eventual, acquired,
social rank. Furthermore, this relationship was strongest amongst macaques who had been
reared by their mothers compared to those reared without mothers. In addition, mother
reared infants exhibited higher concentrations of CSF 5-HIAA and attained higher social
rank than their peers. These finds support the relationship between serotonin and early
social experience in socially competent development.

By considering the findings

presented in Chapters 2, 3 and 4, we will discuss, in Chapter 5, the existing relationship
between serotonin in competent social monitoring and its development. We will also
discuss a plausible evolutionary explanation for variability in other monitoring behaviors
and for variable effects of serotonin on cognition and behavior. We will also consider future
directions researchers should explore as the field progresses.
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2
The effects of 5-hydroxytryptophan on
attention and central serotonin
neurochemistry in the rhesus macaque
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2.1

ABSTRACT

Psychiatric disorders, particularly depression and anxiety, are often associated with
impaired serotonergic function. However, serotonergic interventions yield inconsistent
effects on behavioral impairments. To better understand serotonin’s role in these
pathologies, we investigated the role of serotonin in a behavior frequently impaired in
depression and anxiety, attention. In this study, we used a quantitative, repeated, withinsubject, design to test how L-5-hydroxytryptophan (5-HTP), the immediate serotonin
precursor, modulates central serotoninergic function and attention in macaques. We
observed that intramuscular 5-HTP administration increased cisternal cerebrospinal fluid
(CSF) 5-HTP and serotonin. In addition, individuals’ baseline looking duration, during
saline sessions, predicted the direction and magnitude in which 5-HTP modulated attention.
We found that 5-HTP decreased looking duration in animals with high baseline attention,
but increased looking duration in low baseline attention animals. Furthermore, individual
differences in 5-HTP’s effects were also reflected in how engaged individuals were in the
task and how they allocated attention to salient facial features—the eyes and mouth—of
stimulus animals. However, 5-HTP constricted pupil size in all animals, suggesting that
the bi-directional effects of 5-HTP cannot be explained by serotonin-mediated changes in
autonomic arousal. Critically, high and low baseline attention animals exhibited different
baseline CSF concentrations of 5-HTP and serotonin, an index of extracellular functionally
active serotonin. Thus, our results suggest that baseline central serotonergic functioning
may underlie and predict variation in serotonin’s effects on cognitive operation. Our
findings may help inform serotonin’s role in psychopathology and help clinicians predict
how serotonergic interventions will influence pathologies.
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2.2

INTRODUCTION

For decades, researchers have studied the relationship between the serotonergic system and
depression and anxiety, neuropsychiatric disorders that are often comorbid (Roy and
Linnoila, 1988; Gorman, 1996; Lucki, 1998; Cowen, 2008; Harmer, 2008). Individuals
with depression and anxiety typically experience impaired executive function and
emotional cognition, symptoms that are generally studied by examining disruptions in
attention and the recognition of emotions (Dalgleish and Watts, 1990; Mathews et al.,
1996; Paelecke-Habermann et al., 2005; Joormann and Gotlib, 2007; Epp et al., 2012).
Previous work has increased central serotonergic functioning, using selective serotonin
reuptake inhibitors (SSRIs) or tryptophan loading, to improve how patients attend to, and
process, information in their environments (Riedel et al., 2002; Merens et al., 2007;
Harmer, 2008; Tranter et al., 2009; Silber and Schmitt, 2010). Conversely, reducing
circulating levels of the serotonin precursor tryptophan in healthy humans via Acute
Tryptophan Depletion (ATD) impairs emotion recognition and information processing,
mimicking aspects of depression and anxiety symptomatology (Young and Leyton, 2002;
Riedel, 2004; Merens et al., 2007; Mendelsohn et al., 2009).
Serotonergic function has been linked to competent cognition and mood regulation
in human and non-human primates in non-clinical contexts as well (Krakowski, 2003;
Crockett et al., 2010a). In vervet monkeys, enhancing serotonergic function with a diet
chronically high in tryptophan led to an increase in dominance status, a decrease in
aggression, and an increase in affiliative and social bonding behaviors (Chamberlain et al.,
1987). Conversely, impaired serotonergic functioning, assessed via cisternal cerebrospinal
fluid (CSF) concentrations of the serotonin metabolite 5-hydroxyindoleacetic Acid (5-
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HIAA), is correlated with low dominance rank, poor impulse control, impaired social
functioning, extreme aggression, severe wounding, and even mortality in rhesus macaques
(Linnoila et al., 1983; Higley et al., 1992; Mehlman et al., 1994b; Higley et al., 1996c;
Higley et al., 1996e; Higley et al., 1996d; Higley and Linnoila, 1997; Westergaard et al.,
1999; Fairbanks et al., 2001). However, the gross behavioral measures derived from
observational data do not provide the resolution needed to determine if serotonin’s effects
on behavior are driven by changes in how individuals allocate attention to behaviorallyrelevant stimuli.
The majority of previous studies examining the relationship between serotonin and
attention in humans have used between-subject designs, or, when using within-subject
designs, collected only one session of data per condition for each subject (Merens et al.,
2007). Given that CSF collection requires invasive methods, most studies were unable to
examine how, and if, serotonergic manipulations modulate central serotonergic function
differently across subjects. This aspect was examined in the present study by measuring
CSF levels of L-5-hydroxytryptophan (5-HTP), serotonin (5-HT), and 5-HIAA across
subjects. Perhaps as a consequence, past studies have reported inconsistent and sometimes
difficult to interpret effects of serotonin manipulations on attention (Merens et al., 2007).
Thus, the causal link between serotonin and impaired attention remains elusive, as do the
underlying biological mechanisms mediating these effects.
In the current study, we employed a quantitative and controlled within-subject
design to clarify the causal and mechanistic relationship between serotonin and attention
in rhesus macaques. We tested whether administering intramuscular (i.m.) injections of the
serotonin precursor 5-HTP, which human and rodent literature suggests is an effective
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means to acutely increase central concentrations of serotonin (Clark et al., 1954;
Magnussen and Van Woert, 1982; Westenberg et al., 1982; Turner et al., 2006), would
modulate rhesus macaques’ attention to social and non-social images using a wellestablished free-viewing task (Dal Monte et al., 2014; Dal Monte et al., 2015). In addition,
we measured cisternal CSF concentrations of serotonin, along with its precursors
(tryptophan, 5-HTP), and its principle metabolite, 5-HIAA, to assess serotonin metabolism
and obtain an index of extracellular, functionally-active serotonin in the brain. Specifically,
we examined how 20mg/kg or 40mg/kg 5-HTP administrations, compared to a saline
control, modulated central concentrations of 5-HTP and affected serotonin neurochemistry
and related these acute changes to modulations in looking behavior measured stably by
collecting 8 sessions of data per drug condition, per subject.
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2.3

MATERIALS AND METHODS

2.3.1

Test Subjects

Six adult (5 male and 1 female; aged 5-8 years (5.5 ± 1.22)) rhesus monkeys (Macaca
mulatta) served as subjects. Subjects weighed between 6.8 and 16.7 kg throughout the
duration of the study. Three subjects were housed with a single pair, while the other three
were housed in a triad, kept on a 12-h light/dark cycle, had unrestricted access to food 24hours a day, and controlled access to fluid during testing. All procedures were reviewed
and approved by the Yale University Institutional Animal Care and Use Committee.

2.3.2

Experimental Design

Subjects viewed stimulus images in a testing room, alone, on an LCD computer monitor
positioned 36 cm away from the subject and that spanned 40x30 degrees of visual angle
with a temporal resolution of 2 ms. Subjects viewed unaltered conspecific face stimuli
taken from a large library of static monkey face images described by Gothard and
Colleagues (Gothard et al., 2004). Rhesus macaques rely on a set of highly stereotyped,
species-specific social signals to maintain dominance (Maestripieri, 1997). Open-mouthed
threat faces are used to communicate dominance or intent to maintain control over a
resource, while the bared-teeth fear grimace is used to communicate fear and submission
(Partan, 2002). Rhesus macaques also use lip-smacks as an affiliative gesture to diffuse
aggression (Maestripieri and Wallen, 1997). Stimulus monkeys displayed one of these
three standard facial expressions, or a neutral expression, with either direct or averted gaze
(Fig. 2.1A). Subjects had neither seen nor interacted with any of the monkeys depicted in
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the images, so the 51 unique identities whose faces we included were unfamiliar and novel
to the subjects.
We divided our total amount of images into four unique sets. Each set consisted of
24 conspecific faces per each of the 8 image categories. This resulted in 192 unique faces
per set. Each image set also contained equal numbers (96 images per set) of scrambled
faces and landscape images so that the total images viewed during any sessions consisted
of 50% faces (192 images), 25% scrambled faces (96 images), and 25% landscapes (96
images). The subjects completed 2 sessions of data collection per day. We collected one
day of data per set of images for each drug dose. This means that we collected 4 days of
data per drug dose, each with a unique set of images. Because we collected two separate
sessions of data per day, this resulted in 8 sessions total per drug dose per subject. To
preclude order effects, we counterbalanced the order in which we selected image sets while
ensuring that subjects were never exposed to the same set of images during two sessions in
a row. Within a single session of data collection, we also counterbalanced and randomized
the order of image presentation to preclude order effects.

2.3.3

Pharmacological Methods

5-HTP has several advantages, compared to SSRIs or tryptophan loading, when enhancing
serotonergic function in acute studies. 5-HTP is the immediate precursor to serotonin and
is administered in smaller doses than tryptophan and for both reasons can be presumed to
produce fewer collateral effects on brain catecholamine, trace amine, and kynurenine
pathway neurochemistry (Clark et al., 1954; Anderson et al., 2005; Turner et al., 2006). 5HTP has been demonstrated to be active for 1-4 hours after intramuscular injection,
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allowing finer temporal control than tryptophan loading (Magnussen and Van Woert, 1982;
Westenberg et al., 1982). Finally, although SSRIs appear to produce rapid acute increases
in central extracellular serotonin (Lichtensteiger et al., 1967), it has been suggested that
some of their effects on serotonergic function and on behavior require chronic
administration (Duman et al., 2016).
All pharmacological treatments were administered (between 12:30 and 14:30 daily)
intramuscularly (i.m.) exactly one hour before testing onset. Administered volume was
consistently between 1.0 and 2.0 mL depending on the weight of the subject. l-5-HTP
(Sigma) was suspended in sterile water and given at 20mg/kg or 40mg/kg doses. Each
subject received 4 injections of saline, 4 injections of 20 mg/kg 5-HTP, and 4 injections of
40 mg/kg. Because subjects completed two sessions of the task on each day, one that began
1 hour after injection and one that began 1 hour and 50 minutes after injection, this resulted
in 8 sessions of data per drug dose per animal. Drug doses were delivered on strictly
alternating days, with no 5-HTP doses being delivered two days in a row. Vehicle
injections consisted of equal volumes of sterile saline. Doses for 5-HTP were selected on
the basis of previous studies in rodents and human subjects (Griebel, 1995; Turner et al.,
2006) showing that 5-HTP doses less than 20mg/kg do not produce discernable behavioral
effects. In addition, previous studies suggest that doses greater than 60 mg/kg can
inadvertently increase circulating catecholamines by displacing catecholamines from
storage granules, thereby temporarily enhancing postsynaptic catecholaminergic
stimulation (Lichtensteiger et al., 1967).
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2.3.4

CSF Sample Collection and Assays

To determine whether i.m. 5-HTP crossed the blood brain barrier in rhesus macaques, to
test if injections increased central levels of 5-HTP and serotonin, and to determine how
variation in serotonergic function related to 5-HTP’s effects on behavior, we sampled CSF
from each subject after receiving an i.m. injection of saline, 20mg/kg 5-HTP and 40mg/kg
5-HTP with a minimum of 2 weeks between each collection date. We counterbalanced and
randomized subjects order of CSF sampling between saline, 20mg/kg 5-HTP and 40mg/kg
5-HTP. Each CSF draw occurred one-hour post injection, the same time after injection that
animals began data collection daily. A complete set of CSF draws, one per each of the 3
drug conditions, was carried out in 4 out of 6 subjects. CSF was not collected from subject
2 at 20mg/kg 5-HTP and from subject 5 at saline and 20mg/kg due to complications with
the procedure for these subjects.
Cisternal CSF was assessed with cervical punctures, which are preferred over
lumbar punctures for accurately tracking concentrations of monoamines and monoamine
metabolites in cortical and subcortical structures due to its greater proximity to the brain
and its clearance from the spinal space (Anderson et al., 1987b; Anderson et al., 2002;
Anderson et al., 2005). Punctures targeted the cisterna magna through the atlanto-occipital
membrane. Approximately 1.5 mL of CSF was drawn using a 24- to 27-gauge needle.
Monkeys were first anesthetized with ketamine (3 mg/kg, i.m.) and dexdomitor (0.075
mg/kg, i.m.). To reverse anesthesia, we administered antisedan (0.075 mg/kg, i.m.) once
the animal was returned to its cage after the draw. CSF was immediately labeled and frozen
on dry ice before being transferred to a –70 degree Celsius freezer.
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Supplementary Materials and Methods contain the details of the data analyses and other
details on the experimental protocols.

FIGURE 2.1 Behavioral task, CSF concentrations of 5-HTP and serotonin, and effect
of 5-HTP on autonomic arousal. A) Behavioral task and stimuli. Example social and nonsocial control images are seen on the right. B) CSF concentration of 5-HTP. The central
concentration of 5-HTP after i.m. injection of saline (blue), 20mg/kg 5-HTP (green), or
40mg/kg 5-HTP (red). C) CSF concentration of serotonin. The central concentration of
serotonin after i.m. injection of saline (blue), 20mg/kg 5-HTP (green), or 40mg/kg 5-HTP
(red). D) 5-HTP constricts the pupil. The percent change from saline in the size of pupil
during the fixation period of trials during 20mg/kg 5-HTP (green) and 40mg/kg 5-HTP
(red) sessions. In B-C, the average CSF concentration per dose is represented by a colored
line, and grey lines represent the standard error. In B-D, Each shape represents an
individual subject’s data.
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2.4

RESULTS

We examined the effect of repeated 5-HTP administrations on rhesus macaques’ (n=6)
natural viewing behavior to social (conspecific faces) and non-social (outdoor scenes and
luminance matched scrambled faces) images while their eye positions were tracked with
high spatial and temporal acuity (Fig. 2.1A). On separate days, we collected CSF samples
1 hour after acute delivery of saline, 20mg/kg, and 40mg/kg 5-HTP to examine how 5-HTP
influences central serotonergic function and to provide insight into the mechanism by
which 5-HTP modulates attention

2.4.1

Exogenous 5-HTP increases CSF 5-HTP and serotonin concentrations and
modulates autonomic arousal.

We first tested if i.m. 5-HTP administrations increased central concentrations of 5-HTP
and serotonin. CSF 5-HTP concentrations were higher after receiving 20mg/kg (P=0.03,
Tukey) and 40mg/kg 5-HTP (P<0.01), compared to saline (Fig. 2.1B, F(2,3)=11.73,
P<0.01, ANOVA). 5-HTP administration also increased central serotonin, albeit more
weakly (Fig. 2.1C, F(2,3)=9.46, P=0.05). Posthoc tests indicate that this increase was
driven by 40mg/kg 5-HTP (20mg/kg vs. saline: P=0.13; 40mg/kg vs. saline: P=0.05). In
addition, central concentrations of 5-HTP and serotonin are highly correlated with each
other, indicating that increases in serotonin are proportional to the levels and dose of 5HTP (r=0.78, P<0.01, Pearson’s correlation). We found no significant change in CSF
concentrations of 5-HIAA due to exogenous 5-HTP (F(2,3)=1.29, P=0.33). This is to be
expected because the changes in CSF serotonin we observed were much smaller than the
absolute levels of CSF 5-HIAA present biologically. Thus, the changes in 5-HIAA
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production due to 5-HTP administration would be diluted in the context of the much larger
pool of CSF 5-HIAA. In addition, central concentrations of 5-HIAA were neither
correlated with CSF 5-HTP (r=0.50, P=0.12) nor CSF serotonin (r=0.24, P=0.48). As
expected, 5-HTP did not increase CSF concentrations of tryptophan (F(2,3)=1.72, P=0.25),
norepinephrine (F(2,3)=0.37, P=0.72), the dopamine precursor tyrosine (F(2,3)=1.24,
P=0.35), or the dopamine metabolite homovanillic acid (HVA) (F(2,3)=1.20, P=0.36). To
see full pair-wise of CSF concentrations of monoamines, their precursors, and metabolites,
see Supplementary Tables ST1, ST2, and ST3.
To assess physiological arousal, we quantified the size of the pupil during the 300
ms fixation period where only the luminance controlled white fixation square appeared on
the screen. We found that 5-HTP did impact the size of the pupil (Fig. 2.1D, F (2, 3)=46.35,
P<0.001, ANOVA). Subjects had a significantly more constricted pupil during 20 mg/kg
(P<0.001, Tukey) and 40 mg/kg 5-HTP sessions (P<0.001) than saline sessions, indicating
a consistent physiological effect of 5-HTP. Our CSF and pupil results indicate that i.m. 5HTP administrations effectively increased central concentrations of 5-HTP and serotonin
and impacted the parasympathetic system.

2.4.2

Baseline behavior underlies the direction and magnitude of 5-HTP’s effects on
attention.

We used looking duration as a proxy measure to investigate how 5-HTP modulates
attention to images (Fig. 2.1A). We first examined looking duration, for all animals, to all
images, during saline, 20mg/kg, and 40mg/kg sessions. When all animals were analyzed
together, drug dose did not impact raw looking duration (Fig. 2.2A, F(2, 287)=1.12,
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P=0.33). However, 5-HTP significantly increased looking duration in three subjects, those
that exhibited low baseline attention during the 8 saline sessions (average baseline looking
of 1572.94 ± 460.85 ms), but significantly decreased looking duration in the other three
subjects, those that exhibited high baseline attention during the 8 saline sessions (average
baseline looking of 2672.72 ± 362.16 ms, Fig. 2.2B). To account for this bi-directional
effect, we calculated the absolute value of the percent change in looking duration from
saline and found that 5-HTP significantly modulated looking duration across animals (Fig.
2.2C, F(2, 287)=23.03, P<0.01). We next investigated whether this diversity in 5-HTP’s
effect on attention is related to differences in baseline attention by quantifying each
subjects’ percent change from saline in looking duration due to 8 sessions each of 20mg/kg
and 40mg/kg 5-HTP. We found that baseline looking duration was negatively correlated
with 5-HTP-induced changes in looking duration (Fig. 2.2D, r=-0.81, P<0.01). To ensure
that the observed effect was indeed due to 5-HTP differentially modulating the looking
behavior across individual animals and not due to a regression to the mean phenomenon,
we randomly shuffled the labels associated with each session for each animal (saline,
20mg/kg, or 40mg/kg 5-HTP) and re-ran the above analyses 1,000 times to create a null
distribution for what could be expected if 5-HTP was not truly impacting looking duration
but instead was due to a regression to the mean. In these analyses, all the percent changes
in looking duration were far outside the range of the observed data (P = 0.02, t-test), and
the shuffled data exhibited no correlation (Figs. 2.2B, 2.2C lower panels, r=-0.14, P=0.66,
Pearson’s). Thus, acute 5-HTP increased looking duration in animals with low baseline
attention but decreased looking duration in animals with a high baseline attention.
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FIGURE 2.2 The direction and magnitude of 5-HTP’s effects on attention are rooted in
baseline behavior. A) 5-HTP causes a bi-directional change in looking duration. 20mg/kg
(green) and 40mg/kg (red) 5-HTP increases looking duration in animals with low baseline
looking (dashed line) during saline sessions and decreases looking duration in high
baseline looking animals (solid line). B) (Top) Average looking duration for low and high
baseline animals (grouped solid and dash lines from A). (Bottom) Average looking
duration for low and high baseline animals after shuffling the drug labels within each
animal. C) 5-HTP significantly increases the magnitude change, the absolute value of the
percent change, in looking duration relative to saline. D) (Top) Baseline looking duration
to images negatively correlates with percent change in looking duration due to 5-HTP
(green, 20 mg/kg; red, 40 mg/kg). (Bottom) The average correlation from the shuffled data.
In A, C, D, each shape represents an individual subject’s data.
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2.4.3

Animals exhibit different levels of task engagement, but not motivation to acquire
juice.

We next characterized whether all animals were equally engaged in the task to determine
if differences in attention to images were related to differences in task motivation, both to
acquire juice and also to view images. We assessed motivation to acquire juice by
quantifying the number of trials completed per session for high and low baseline attention
animals. Neither baseline attention (F(1,138)=2.55, P=0.11, ANOVA) nor drug dose
(F(2,143)=0.91, P=0.41) significantly affected the number of trials completed per session,
indicating that animals completed the same number of trials, thereby earning the same
amount of juice, regardless of baseline attention or drug dosage.
We then assessed anticipatory looking between trials and used this measure as a
proxy for task engagement, that is an animal’s motivation to initiate another trial quickly
and view more images (Ueda). We quantified anticipatory looking by calculating the
percentage of trials during which subjects looked at the region near the fixation during the
inter-trial interval when the screen was blank prior to the start of a new trial (See
Supplementary Materials and Methods). The magnitude change in anticipatory looking
was impacted by drug dose (saline, 20mg/kg, and 40mg/kg 5-HTP) (F(1, 131)=8.93,
P<0.01, ANOVA). Notably, baseline anticipatory looking (during saline sessions) was
negatively correlated with 5-HTP-induced changes in anticipatory looking (Fig. 6.1A, r=0.72, P<0.01). Low baseline attention animals exhibited lower task engagement than high
baseline attention animals during saline sessions; 5-HTP increased engagement in low
baseline animals, and decreased engagement in high baseline animals (Fig. 6.1B).
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2.4.4

Social specificity of 5-HTP’s effect is related to differences in baseline attention
to social and non-social images.

Social stimuli are inherently more salient than non-social stimuli. Animals overall looked
at social images longer than non-social images (F(1, 287)=15.31, P<0.001, ANOVA, Fig.
6.2), and 5-HTP overall modulated looking to social images more than non-social images
(Fig 2.3A, F(1, 287)=13.51, P<0.001, see Fig. 6.3 for raw data for each subject). When we
examined if variation in 5-HTP’s social specificity was predicted by baseline behavior, the
difference between looking duration to social and non-social images at saline was
negatively correlated with the difference in 5-HTP-induced changes in looking duration to
social and non-social images (Fig. 2.3A, r=-0.72, P<0.01, Pearson’s). Thus, for individuals
who looked longer at social than non-social images at baseline, 5-HTP decreased looking
to social more than to non-social images. By contrast, for individuals who looked longer at
non-social images at baseline, 5-HTP instead increased looking to social more than to nonsocial images. We next investigated whether the same animals that spent less time looking
at social stimuli at baseline were also the animals that exhibited baseline lower attention to
all images. We found that indeed looking duration to all images was were positively
correlated with the average difference between looking duration to social and non-social
images during saline sessions (r= 0.84, P=0.04) indicating that animals who looked at all
images for a longer period during saline sessions also exhibited a longer relative looking
duration to social images during saline sessions. This provides further support that baseline
differences in attention predict the manner in which 5-HTP modulates attention.
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FIGURE 2.3 5-HTP differentially modulates attention to facial features. A) The
difference between looking duration to social and non-social images is negatively
correlated with the difference in percent change from saline, due to 20mg/kg (green) or
40mg/kg 5-HTP (red), in looking duration to social and non-social images. (Right) The
average difference in percent change in looking duration to social images and percent
change in looking duration to non-social images for low and high baseline animals. The
inset shows the raw looking duration to social (filled bars) and non-social images (open
bars) for low and high baseline animals. B) The percent change from saline due to 5-HTP
in the probability of looking at the eye region during image presentation is negatively
correlated with baseline probabilistic looking to the eye. (Right) Average time plots for
low and high baseline animals for 5-HTP’s effect on attention to the eyes. C) The percent
change from saline due to 5-HTP in the probability of looking at the mouth region is
negatively correlated with baseline probabilistic looking to the mouth. 5-HTP increases
attention towards the mouth in low baseline animals but decreases attention towards the
mouth in high baseline animals. (Right) Average time plots for low and high baseline
animals for the bi-directional effect on attention to the mouth. In A-C, each shape
represents an individual subject’s data.
38

2.4.5

5-HTP bi-directionally modulates attention to the eyes and mouth.

We therefore next focused on these regions to test if 5-HTP modulates attention to the
mouth and eye region differentially depending on gaze directions (directed vs. averted) and
facial expressions (threat vs. fear grimace vs. lip smack vs. neutral). Raw looking duration
and percent change in looking duration due to 5-HTP for the face region of each social
category are shown in the Supplementary Materials Results and Figs. 6.4 and 6.5. We
calculated the percentage of trials that subjects looked within the eye or mouth regions to
obtain the magnitude change, absolute value of the percent change, in probabilistic looking
to the eyes and mouth due to 5-HTP. This allowed us to examine differences in 5-HTP’s
effect on probabilistic looking due to stimulus monkey gaze direction and facial expression.

2.4.5.1 Eyes. The magnitude change in probabilistic looking to the eyes was impacted by
drug dose (Fig. 2.3B, F(2, 1024)=31.37, P<0.001, ANOVA, with a stronger effect of
40mg/kg compared to 20mg/kg 5-HTP, P<0.001, Tukey), gaze direction (directed vs.
averted) (F(1, 1024)=7.28, P<0.01, with a larger effect for faces with direct gaze), as well
as facial expression (threat vs. fear grimace vs. lip smack vs. neutral) (F(3, 1024)=18.03,
P<0.001, larger for expressive than for neutral expressions, all P<0.001). These results
indicate that 5-HTP differentially influences attention to the eyes based on the gaze
direction and the saliency of the facial expression of the stimulus monkeys. We next asked
whether 5-HTP’s effects on attention to the eyes are related to differences in baseline
attention to the eyes. Baseline looking to the eye region was negatively correlated with 5HTP-induced changes in looking to the eye region (Fig. 2.3B, r=-0.60, P=0.04, Pearson’s).
5-HTP thus increased attention to the eyes in animals with low baseline attention but
decreased looking duration in animals with high baseline attention.
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2.4.5.1 Mouth. The magnitude change from saline in probabilistic looking to the mouth
was also affected by drug dose (Fig. 2.3C, F(2, 1054)=30.53, P<0.001, with a stronger
effect of 40mg/kg compared to 20mg/kg 5-HTP, P<0.001) and facial expression (threat vs.
fear grimace vs. lip smack vs. neutral) (F(3, 1054)=2.95, P=0.03, with only fear grimaces
as larger than neutral expressions after correcting for multiple comparisons, P=0.02), but
not gaze direction (directed vs. averted) (F(1, 1054)=1.63, P=0.2). These results indicate
that 5-HTP differentially influenced attention to the mouth based on whether the facial
expression relied on salient mouth features to communicate social signals. We again asked
whether 5-HTP’s effects on attention to the mouth are related to differences in baseline
attention, and found that baseline looking to the mouth was negatively correlated with 5HTP-induced changes in looking (Fig. 2.3C, r=-0.68, P=0.02). 5-HTP thus increased
attention to the mouth in animals with low baseline attention but decreased looking
duration in animals with high baseline attention.
Taken together, these results indicate that 5-HTP increases attention to informative
regions of the face for animals with low baseline attention to these regions, but decreases
attention to the eyes and mouth for animals with high baseline attention. Overall 5-HTP
thus modulates attention to salient facial features that convey important social information
and the direction and magnitude of 5-HTP’s effects can be predicted by baseline
differences in how individuals allocate attention to the eyes and mouth.
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2.4.6

Baseline central serotonergic function predicts the direction and magnitude of 5HTP’s effects on attention.

To examine the relationship between central serotonergic processing and looking behavior,
we first tested if the amount of 5-HTP that crossed the blood-brain barrier would predict
differences in attention during 5-HTP sessions. Central concentrations of 5-HTP after
receiving 20mg/kg and 40mg/kg injections of 5-HTP were positively correlated with
individuals’ average looking durations during the sessions associated with each drug dose
(Fig. 2.4A, r= 0.73, P=0.016, Pearson’s correlation), suggesting that the amount by which
5-HTP injections modulate central concentrations of 5-HTP did in fact influence how long
individuals looked at images.
We next determined if central concentrations of serotonergic compounds were
related to 5-HTP’s observed bi-directional effects on attention by comparing 5-HTPinduced changes in attention to baseline CSF concentrations of 5-HTP and serotonin.
Interestingly, baseline 5-HTP concentrations were positively correlated with the percent
change in looking duration due to 5-HTP (Fig 2.4B, r= 0.81, P<0.01), suggesting that
baseline levels of 5-HTP predict the manner in which attention is modulated by 5-HTP.
Concentrations of baseline serotonin were also positively correlated with the percent
change from saline in looking duration due to 5-HTP (Fig. 2.4C, r= 0.78, P=0.02),
providing more evidence that concentrations of central serotonergic compounds, even prior
to 5-HTP manipulations, influence, in part, how 5-HTP will influence attention. In fact,
baseline tryptophan and HVA concentrations were also correlated with the percent change
in looking duration due to 5-HTP (tryptophan: r= 0.77, P=0.01; HVA: r= 0.80, P<0.01),
while baseline 5-HIAA concentrations trended to be correlated with the percent change in
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looking duration (r= 0.62, P=0.05). However, baseline concentrations of neither
norepinephrine nor tyrosine were correlated with the percent change in looking duration
due to 5-HTP (norepinephrine: r= 0.56, P=0.15; tyrosine: r= 0.50, P=0.14). These results
further suggest that baseline concentrations of serotonergic related compounds are related
to 5-HTPs effects on attention and that dopaminergic activity could also play a role.
Despite this converging evidence, we were puzzled that animals with low baseline
attention exhibit higher baseline concentrations of 5-HTP and serotonin compared to high
baseline attention animals. We conjectured that this discrepancy might be due to
differences in the rate of serotonin turnover. While our experiment did not allow us to
provide direct evidence, we analyzed a metric that has been used to estimate turnover in
tissue samples, the 5-HIAA/serotonin ratio. CSF 5-HIAA/serotonin ratios at baseline were
inversely correlated with the percent change in looking duration (Fig. 2.4D, r= -0.82,
P=0.03), indicating that animals with lower baseline attention might exhibit lower
serotonergic turnover compared to animals with higher baseline attention. In addition, the
central ratio of 5-HIAA to serotonin also correlated with average difference between
looking duration to social and non-social images during saline sessions (r= 0.98, P=0.02)
indicating that a higher baseline 5-HIAA/5-HT ratio predicts a larger preference for social
images over non-social images at baseline.

42

FIGURE 2.4 Serotonergic function predicts how 5-HTP modulates looking behavior. A)
Central concentrations of 5-HTP after receiving 20mg/kg (green) and 40mg/kg (red) 5HTP injections are positively correlated with the average looking duration to social images
during the 5-HTP sessions associated with each drug dose. B) Central levels of 5-HTP at
saline correlate with percent change in looking duration from saline due to 5-HTP. C)
Baseline central levels of serotonin (5-HT) is correlated with percent change in looking
duration from saline due to 5-HTP. D) Baseline central 5-HIAA/serotonin (5-HT) ratio is
correlated with percent change in looking duration from saline due to 5-HTP. In A-D, each
shape represents an individual subject’s data.

43

2.5

DISCUSSION

Most antidepressants inhibit the serotonin transporter, thereby increasing extracellular
functionally active levels of serotonin. This observation has been used to suggest that the
serotonin system plays a role in symptomatology of depression and anxiety. However,
studies that have examined the causal role of serotonin in attention and emotion recognition
have produced largely inconsistent results. Here, we examined how increasing central
serotonin via acute administration of the precursor 5-HTP, either 20mg/kg or 40mg/kg,
would modulate attention using a repeated, within-subject, design. Working with an animal
model allowed us to examine differences in central serotonergic functioning and turnover
and confirm, for the first time in non-human primates, that acute 5-HTP administration,
especially the higher 40mg/kg dose, crosses the blood-brain barrier and increases central
concentrations of 5-HTP and serotonin.
While 5-HTP modulated looking duration in all subjects, 5-HTP increased looking
duration in half our subjects (n=3), but decreased looking duration in the other subjects
(n=3). Critically, baseline differences in attention predicted the direction and magnitude by
which 5-HTP modulated looking duration. 5-HTP increased attention in subjects with low
baseline attention yet decreased it in those with high baseline attention, and these effects
were not driven by a regression to the mean (low panels of Fig. 2.2B, D). While most
previous studies have reported a consistent modulation of emotion recognition and biased
attention to expressive faces due to serotonin manipulations (Merens et al., 2007), three
previous investigations reported effects of serotonin manipulation on emotional
recognition and emotional biases that differed according to baseline behavior (Bhagwagar
et al., 2004; Hayward et al., 2005; Robinson et al., 2010). Bhagwagar et al. (2004) reported
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that a single dose of the SSRI citalopram increased the recognition of fearful faces in
healthy volunteers, but decreased fear recognition in subjects with a previous history of
depression (Bhagwagar et al., 2004). Hayward et al. (2005) showed that low-dose Acute
Tryptophan Depletion (ATD) caused a decrease in the recognition of happy faces in healthy
volunteers, but increased happy recognition in recovered depressed patients (Hayward et
al., 2005). Finally, Robinson et al. (2009) found that baseline mood state influenced the
direction in which ATD impacted cognitive biases (Robinson et al., 2010).
Although 5-HTP modulated looking duration to both social and nonsocial images,
we observed a greater effect of 5-HTP on attention to social images. Intriguingly, this social
specificity was again linked to baseline differences in attention to social and non-social
images, providing additional evidence that 5-HTP’s effects on attention can be predicted
by differences in baseline behavior. Previous literature indicates that SSRIs increase
recognition of, and attention to, positive and negative facial expressions, but the field
remains uncertain whether SSRIs act via a general mechanism or through separate negative
and positive bias mechanisms in tandem (Merens et al., 2007; Carver et al., 2009; Crockett
and Cools, 2015). In addition, most emotional processing studies in humans do not include
non-social controls (Merens et al., 2007). Based on our results, it is likely that serotonin
generally modulates attention, and that the specificity of its effects in the social domain
likely depends on baseline differences in how individuals attend to these stimuli.
5-HTP particularly increased attention to salient facial features that convey
important social information, the eyes and mouth, in animals with low baseline attention,
but decreased attention to these same regions in animals with high baseline attention.
Reducing serotonergic function via ATD in humans decreases sensitivity towards
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emotional faces when they display directed gaze towards participants, but not when they
exhibit averted gaze (Williams et al., 2007). 5-HTP may modulate attention to facial
regions as a function of how salient they are and also how useful they are to decode signal
content. Perhaps this is the mechanism by which serotonin acts when modulating
competent behavior, particularly impulsive aggression and dominance status, as reported
in previous work (Chamberlain et al., 1987; Cleare and Bond, 1995; Bjork et al., 2000;
Crean et al., 2002; Wai and Bond, 2002; aan het Rot et al., 2006; Young et al., 2007).
Differences in serotonergic function may underlie 5-HTP’s diverse effects across
individuals. While differences in central concentrations of 5-HTP and serotonin at baseline
positively predicted the direction in which, and magnitude by which, 5-HTP modulated
looking duration, CSF analyses confirmed that 5-HTP administration increased central
concentrations of 5-HTP and serotonin, and caused pupil constriction in all animals,
indicating a consistent physiological effect of 5-HTP on the central nervous system and a
dissociation of the parasympathetic nervous system from the serotonin-mediated control of
attention allocation. However, we did not expect that low baseline attention animals would
exhibit higher baseline concentrations of 5-HTP and serotonin than high baseline attention
animals. It could be that animals’ serotonergic systems differ not only according to active
concentrations of 5-HTP and serotonin, but also in terms of the efficiency of the
serotonergic system. Although we did not directly test the serotonergic turnover rate at the
biochemical level in tissue samples, we investigated the relationship between percent
change in looking duration and ratio of 5-HIAA to serotonin in CSF. Generally, based on
prior studies in tissue samples, higher central 5-HIAA to serotonin ratios indicate an
increased turnover of serotonin as it is converted to 5-HIAA within the brain (Roy and
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Linnoila, 1988). While this ratio is only an estimate of this rate, we found that the 5-HIAA
to serotonin ratio predicted both looking duration at baseline and also the percent change
in looking duration due to 5-HTP. Overall, animals with low baseline attention exhibited
lower baseline 5-HIAA to serotonin ratios, attended to images less at baseline and exhibited
more positive changes in looking duration due to 5-HTP than their high baseline attention
counterparts.
Our findings provide unique causal and mechanistic evidence suggesting that
enhancing central serotonergic function results in categorically distinct changes in
fundamental cognitive operations such as attention. Future work replicating these findings
with more animals could further clarify individual differences in attention and central
serotonergic concentrations. Amongst our sample of 6 monkeys, there were no consistent
differences in age, dominance status, or health of any animals. Detecting any such potential
relationships would require a larger sample size. In addition, continued efforts towards
better understanding the relationship between behavioral and biochemical phenotypes and
the behavioral effects of serotonergic manipulations could contribute to improved
prediction of clinical outcome of serotonergic treatment in numerous psychiatric
conditions.
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3
Increasing central serotonin with
5-HTP disrupts the inhibition of social
gaze in non-human primates
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3.1

ABSTRACT

To competently navigate the world, individuals must flexibly balance distinct aspects of
social gaze, orienting toward others and inhibiting orienting responses, depending on the
context. These behaviors are often disrupted in patient populations treated with
serotonergic drugs. However, the field lacks a clear understanding of how the serotonergic
system mediates social orienting and inhibiting behaviors. Here, we tested how increasing
central concentrations of serotonin with the direct precursor 5-Hydroxytryptophan (5-HTP)
would modulate the ability of rhesus macaques to use eye movements to flexibly orient to,
or inhibit orienting to, faces. Systemic administrations of 5-HTP effectively increased
central serotonin levels and impaired flexible orientation and inhibition. Critically, 5-HTP
selectively impaired the ability of monkeys to inhibit orienting to face images, whereas it
similarly impaired orienting to face and control images. 5-HTP also caused monkeys to
perseverate on their gaze responses, making them worse at flexibly switching between
orientating and inhibiting behaviors. Furthermore, the effects of 5-HTP on performance
correlated with a constriction of the pupil, an increased time to initiate trials, and an
increased reaction time, suggesting that the disruptive effects of 5-HTP on social gaze
behaviors are likely driven by a downregulation of arousal and motivational states. Taken
together, these findings provide causal evidence for a modulatory relationship between 5HTP and social gaze behaviors in non-human primates and offer translational insights for
the role of the serotonergic system in social gaze.
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3.2

INTRODUCTION

Serotonergic agents are broadly prescribed to individuals suffering from numerous
psychiatric disorders including depression, anxiety disorders, personality disorders, and
social disorders including autism spectrum disorder (ASD) (Abi-Dargham et al., 1997;
Dell'Osso et al., 2010; Williams et al., 2011; Cowen and Browning, 2015; Healy, 2015;
Muller et al., 2016). However, outcomes of serotonergic interventions are variable and
difficult to predict (Shaw et al., 2002; Turner et al., 2006; Chekroud et al., 2016). To better
understand serotonergic interventions, and to improve treatment outcomes, it is important
to conduct controlled, causal, experiments which test central serotonin’s effect on cognitive
functions.
Competently navigating the world requires balancing the acts of orienting toward
environmental stimuli and inhibiting orienting responses. This behavioral regulation
demands coordination among the neural systems underlying motivation, inhibition,
attention, and flexibility (Elliot, 2006; Carver et al., 2008; Weinberg‐Wolf and Chang,
2019; Roberts et al., 2020). Among environmental stimuli, faces are particularly common
and important for humans and non-human primates. Many species of primates, including
humans, live in large, complex, societies and therefore orient to others’ faces to learn from
conspecifics and to opportunistically gain information about fecundity and social status.
However, many primate species must also inhibit orienting to faces to avoid accidentally
aggressing to conspecifics and to avoid losing opportunities to gain non-social information
about food sources and environmental risks (Weinberg‐Wolf and Chang, 2019).
Clinically, disruptions in social orienting are frequently observed in ASD and
Williams Syndrome (WS). Infants with ASD lack early social predispositions (Klin et al.,
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2002; Dawson et al., 2004) and these deficits continue into adulthood (Pelphrey et al.,
2002; Kliemann et al., 2010). Evidence further suggests that the deliberate recognition of,
and orienting toward, different emotional expressions are impaired in ASD (Sigman et al.,
1992; Bacon et al., 1998; Humphreys et al., 2007). On the other hand, individuals with WS,
a rare genetic disorder associated with hyper-sociality, exhibit heightened social
engagement, increased attention to faces, and uninhibited approach to strangers (Barak and
Feng, 2016). Central serotonergic functions are suspected to be dysregulated in both ASD
and WS (August and Realmuto, 1989; Williams et al., 2011; Barak and Feng, 2016; Muller
et al., 2016; Fan et al., 2020; Lew et al., 2020).
The serotonergic system is implicated in diverse aspects of behavioral inhibition
(Roberts et al., 2020). Decreasing central serotonin disrupts impulse control in humans
(LeMarquand et al., 1999; Cools et al., 2005; Rubia et al., 2005; Crockett et al., 2010b),
non-human primates (Clarke et al., 2004; Clarke et al., 2005), and rodents (Harrison et al.,
1997b, 1999; Matias et al., 2017; Bailey et al., 2018; Lottem et al., 2018). Importantly,
serotonin is also associated with flexibility; disrupting serotonergic function impacts
reversal learning and perseverance during choice tasks (Roberts et al., 2020). Modulating
serotonin function can also alter cognitive biases, attention, and motivation, with these
effects often being strongest within the social domain (Young, 1996; Riedel, 2004; Merens
et al., 2007; Mendelsohn et al., 2009; Silber and Schmitt, 2010; Roberts et al., 2020). These
findings indicate that the serotonergic system is well positioned to affect flexible social
orienting behaviors.
Causal manipulations of serotonergic function on behavior, especially repeated
within-subject studies, are rare in non-human primates. We have previously shown that
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acute delivery of the direct serotonin precursor 5-Hydroxytroptohan (5-HTP) increases
central concentrations of macaques’ serotonin with concomitant changes attention to faces
and landscapes (Weinberg-Wolf et al., 2018). Despite growing evidence of serotonin’s role
in inhibition, it remains unclear how increasing central serotonin availability affects social
gaze inhibition along with the flexible balancing of orienting and inhibiting gaze. Causal
characterizations of such behavioral changes in non-human primate models, in which these
behaviors are understudied, will help support continued translational efforts. Here, we
utilized a rhesus macaque model to examine how increasing central serotonin with 5-HTP
modulates social gaze behaviors when monkeys were cued to either orient towards faces
or inhibit this orienting response.
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3.3

MATERIALS AND METHODS

3.3.1

TEST SUBJECTS

Three adult (2 male and 1 female; monkeys E, H, T; age 7 years) rhesus monkeys (Macaca
mulatta) served as subjects. Subjects weighed between 10 and 15kg throughout the
duration of the study. Subjects were housed single (n=2/3) or with a single pair (n=1/3),
kept on a 12-hr light/dark cycle, had unrestricted access to food 24 hours a day, and had
controlled access to fluid during testing. All procedures were reviewed and approved by
the Yale University Institutional Animal Care and Use Committee.

3.3.1

SURGERY

All subjects received a surgically implanted head-restraining prosthesis (Grey Matter
Research) to allow for accurate tracking of eye movements. At the time of surgery,
anesthesia was induced with ketamine hydrochloride (10mg/kg) and maintained with
isoflurane (1.0–3.0%, to effect). During surgery, subjects received isotonic fluids via an
intravenous drip, and aseptic procedures were employed. Heart rate, respiration rate, blood
pressure, expired CO2, and body temperature were monitored throughout the procedure.
After the head restraining device implantation was completed, the wound around the base
was closed in anatomical layers. Subjects received a peri- and post-operative treatment
regimen consisting of 0.01mg/kg buprenorphine every 12 hours for 3 days, 0.1mg/kg
meloxicam once daily for 3 days, and 5mg/kg baytril once daily for 10 days. Subjects were
allowed 40+ days of recovery after the implant surgery before training began and were
slowly acclimated to head restraint over a week of training.
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3.3.2

PHARMACOLOGICAL METHODS

All pharmacological treatments were administered daily (consistently at either 12:30 or at
16:00 depending on the subject) and intramuscularly (i.m.) exactly one hour before testing.
Administered volume was consistently between 3.0 and 5.0ml depending on the weight of
the subject. 5-HTP (Sigma) was suspended in sterile water and given at 20mg/kg. Vehicle
injections consisted of equal volumes of sterile saline. Each subject received a total of 8
injections of saline and 8 injections of 20mg/kg 5-HTP on strictly alternating days. The
dose of 5-HTP was selected on the basis of our previous work (Weinberg-Wolf et al., 2018)
indicating that 20mg/kg 5-HTP effectively increases the concentration of 5-HTP and
serotonin in cisternal cerebrospinal fluid (CSF). Previous studies in rodents and human
subjects (Griebel, 1995; Turner et al., 2006) have indicated that 5-HTP doses less than
20mg/kg do not reliably produce discernable behavioral effects while doses greater than
60mg/kg can inadvertently increase circulating catecholamines by displacing them from
storage granules, thereby temporarily enhancing postsynaptic catecholaminergic
stimulation (Lichtensteiger et al., 1967).

3.3.3

CISTERNAL CSF SAMPLE COLLECTION AND ASSAYS

To confirm whether i.m. 5-HTP crossed the blood brain barrier in rhesus macaques, and to
test if injections indeed increased central levels of 5-HTP as well as serotonin, we sampled
CSF from the cisterna magna from 5 rhesus monkeys (4 male and 1 female; monkeys E,
H, T, K, L; aged 5–8 years, 5.5 ± 1.2) after they had received an i.m. injection of saline or
20mg/kg 5-HTP with a minimum of 2 weeks between each CSF collection date. We
counterbalanced and randomized the subject order of CSF sampling between saline and 5-
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HTP. Each CSF draw occurred one-hour post injection, the same time after injection that
animals began data collection in the current study.
Cisternal CSF was obtained with cervical punctures, which are preferred over
lumbar punctures for accurately tracking concentrations of monoamines and monoamine
metabolites in cortical and subcortical structures due to its greater proximity to the brain
and its clearance from the spinal space (Anderson et al., 1987b; Anderson et al., 2002;
Anderson et al., 2005). Punctures targeted the cisterna magna through the atlanto-occipital
membrane. Approximately 1.5ml of CSF was drawn using a 24–27-gauge needle. Monkeys
were first anesthetized with ketamine (3mg/kg, i.m.) and dexdomitor (0.075mg/kg, i.m.)
and anesthesia was reversed with antisedan (0.075mg/kg, i.m.) once the animal was
returned home. CSF was immediately labeled and frozen on dry ice before being
transferred to a −80-degree Celsius freezer.
Samples with gross blood contamination (>0.1%), as indicated by pink coloration,
were excluded prior to screening for hemoglobin. Limiting blood contamination to <0.1%
was sufficient to ensure that analyses other than serotonin were not affected by blood.
However, all CSF samples analyzed for serotonin were screened more rigorously for blood
contamination by measuring hemoglobin using Multistix 8 SG reagent strips for urinalysis
(Bayer Corp., Elkhart, IN), which can detect approximately 0.2μg/ml of hemoglobin. As
previously demonstrated, screening for hemoglobin and using only those samples with <10
ppm blood limited blood-derived serotonin in CSF to less than 10pg/ml (Anderson et al.,
2005). Neurochemical analyses levels of CSF 5-HTP and serotonin were determined using
reverse-phase high performance liquid chromatography (HPLC) as previously described
(Anderson et al., 1987a; Anderson et al., 1987b; Anderson et al., 1990b; Anderson et al.,
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2002). Samples with any detectable blood contamination were excluded from analysis – a
total of 2 samples were excluded. The final 5-HTP CSF data therefore included samples
collected after injection of saline and 20mg/kg 5-HTP from 4 subjects with an additional
subject contributing a sample at saline. The final serotonin CSF data set was more restricted
and includes saline data from 4 subjects and 20mg/kg 5-HTP data from 3 subjects. Changes
in CSF concentrations of 5-HTP and serotonin were each assessed using a two tailed
independent t-test.

3.3.4

EXPERIMENTAL DESIGN

Monkeys performed the experimental task while sitting in a primate chair (Precision
Engineering Co.) in a testing room and used eye movements to interact with stimuli on an
LCD monitor, positioned 36cm away from the subject with a temporal resolution of 2ms.
MATLAB (Math Works) with Psychtoolbox (Brainard, 1997) and Eyelinktoolbox (Pelli,
1997) was used to display stimuli and process eye position data. Horizontal and vertical
eye positions were sampled at 1,000Hz using an infrared eye monitor camera system (SR
Research Eyelink). Monkeys initiated each trial by fixating on a white fixation square
(7.3x7.3 visual degrees, deg) at the center for the screen for 150ms. Upon successful
fixation, a central instructional cue (7.3x7.3 deg) appeared at the center of the screen and,
at the same time, a target image (9.8x9.8 deg) appeared in the right or left periphery of the
screen at a 29.3-deg eccentricity. On 50% of pseudo-random trials (orienting trials), the
central instructional cue was a red square, directing the subject to saccade to the peripheral
target image in order to receive a juice reward (Fig. 1A). On the other 50% of pseudorandom trials (inhibition trials), the instructional cue was a blue square, directing subjects

57

to inhibit orienting their gaze towards the target image receive the reward (Fig. 1A). From
the time of image onset, the subjects had 750ms to orient or inhibit orienting to the image.
Images disappeared as soon as subjects’ eyes entered the image (either on correct
orientating trials or incorrect inhibition trials) or after the 750ms window on correct
inhibition trials. A solenoid valve controlled the delivery of 0.5ml of apple juice per each
correct orienting or inhibiting response.
The peripheral visual images were unaltered conspecific face stimuli taken from a
large library of static monkey face images described by Gothard and colleagues (Gothard
et al., 2004). Stimulus monkeys displayed either threatening expression or affiliative
lipsmacks with a direct gaze. Subjects had never interacted with any of the monkeys
depicted in these images. We divided the total number of images into four unique sets.
Each set consisted of 24 conspecific faces per each of the two facial expression categories,
resulting in 48 unique faces per set for a total of 192 images. Each image set also contained
equal numbers (48 images per set) of luminance-matched scrambled faces (control
images). We collected two days of data per each image set for each drug condition. To
preclude any order effects, we counterbalanced the order in which we selected image sets
while ensuring that subjects were never exposed to the same set of images during two
sessions in a row. Within a single session of data collection, we also counterbalanced and
randomized the order of image presentation to preclude any order effects.
Initiated trials were defined as those in which the monkeys successfully held gaze
fixation for 150ms during the fixation period at the beginning of the trial and thus
successfully progressed to view an instructional cue and target image. Upon breaking
fixation during this period, the trial was aborted, no cue or image appeared, and the animal
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was not rewarded. Instead, they received a 1.5sec timeout with a blank screen. Finally, we
excluded initiated trials from the analysis that were associated with a pupil size during the
fixation window that was more than two standard deviations away from the mean pupil
size within drug condition, trial type, and image category. Using this criterion, we only
excluded 3% of initiated trials.

3.3.5

STATISTICAL ANALYSIS

To compare saccade kinematics between 5-HTP and saline, we calculated the peak saccade
velocity (deg/sec) of orienting saccades (made during the 750-ms window aligned to the
onset of the instructional cue and the visual image, Fig. 1A) and plotted them as a function
of the peak saccade amplitude (deg) for each saccade during 5-HTP and saline sessions,
separately for trials with faces and control images. To examine gaze fixation patterns of
successfully performed trials, we constructed fixation density maps of the screen, spanning
both the instructional cue and the target image locations, for all gaze fixations made from
300ms to 750ms (aligned to the onset of the instructional cue and the visual image),
separately for 5-HTP and saline trials. We average how many gaze samples occurred in
bounds of the stimulus, separately for the left and right target image and the instructional
cue. We then tested for any differences in the number of gaze samples between 5-HTP and
saline sessions, separately for orientation and inhibition trials, using Wilcoxon rank sum
tests.
Our primary measure of interest was performance in the task. To directly examine
whether 5-HTP modulated performance, we calculated the percent of initiated trials that
monkeys completed correctly. Percent correct was assessed using analysis of variance
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(ANOVA) models. The first model specified animal identity (Monkey E, Monkey H,
Monkey T), drug (saline versus 20mg/kg 5-HTP), trial type (orientating versus inhibition),
image type (face versus scrambled), and image valence (threat versus appetitive) as fixed
factors. The second model used data which was normalized relative to saline, as a percent
change in performance due to 5-HTP, to control for individual differences between
monkeys and specified trial type (orienting versus inhibition), image type (face versus
control), and image valence (threat versus appetitive) as fixed factors. Finally, the third
model examined performance separately for orienting and inhibition trials, and specified
image type (face versus control) and image valence (threat versus appetitive). Direct post
hoc comparisons were made with two-tailed independent t-tests and P-values were
corrected for multiple comparisons with Tukey tests. To further investigate the stability of
performance over the course of a given session, we plotted performance over time for
orienting or inhibiting orienting to face and scrambled images during saline and 5-HTP
sessions. Performance was calculated across 240-sec bins with 20-sec steps. Differences in
performance between saline and 5-HTP sessions were assessed by conducting a Wilcoxon
sign rank test for each of these bins.
To query if 5-HTP impacted monkeys’ flexibility in the current task, we quantified
performance (as percent correct) as a function of the following four preceding contexts: 1)
the previous trial was correct and the same type (orientation [O] or inhibition [I]) as the
current trial (same; O O or I I); 2) the previous trial was correct, but it was a different
trial type than the current type (switch; O

I or I O); 3) the previous two trials were both

correct and both the same as the current trial (same; O O O or I I I); and finally 4)
the previous two trials were both correct but were both a different trial type than the current
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trial type (switch; O O I or I I O). We then controlled for individual differences
between monkeys by quantifying the percent change in performance due to 5-HTP relative
to saline and assessed differences using an ANOVA model which specified current trial
type (orienting versus inhibition), previous trial type (same versus switch), and number of
preceding trials (1 versus 2) as fixed factors. We then examined performance separately
for orientation and inhibition trials with separate ANOVA models specifying the previous
trial type (same versus switch) and the number of preceding trials (1 versus 2) as fixed
factors. Direct post hoc comparisons were made with two tailed independent t-tests and Pvalues were corrected for multiple comparisons with Tukey tests.
To examine if 5-HTP impacted how long monkeys took to initiate each trial, we
quantified the time between the end of the inter-trial-interval and the next successfully
initiated trial (i.e., acquiring the central fixation and maintaining the fixation for 150ms)
during saline and 5-HTP sessions and compared them using a Wilcoxon rank sum test. To
determine if the time taken to initiate trials was related to performance during each session,
we correlated each session’s percent change in the time to initiate trials due to 5-HTP
relative to saline and the percent change in performance due to 5-HTP relative to saline.
For analyzing pupil size, we quantified the size of the pupil during the fixation period of
initiated trials and compared pupil size between 5-HTP and saline sessions using a
Wilcoxon rank sum test. We determined the relationship between pupil size and
performance by correlating each session’s percent change in pupil size due to 5-HTP with
the percent change in performance due to 5-HTP, both relative to saline. To examine the
relationship between reaction time and performance, we first quantified reaction time as
the time from cue/image onset to when animals began saccades to target images, using a
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20deg/sec velocity criterion for detecting the saccade onset (i.e., reaction time). We
assessed differences in reaction time during correct orientating trials using an ANOVA
specifying animal identity (Monkey E, Monkey H, Monkey T), drug (saline versus
20mg/kg 5-HTP), image type (face versus scrambled), and image valence (threat versus
appetitive) as fixed factors. We then correlated each session’s percent change in reaction
time with the percent change in performance during orienting trials, both due to 5-HTP
relative to saline. Direct post hoc comparisons were made with two tailed independent ttests and P-values were corrected for multiple comparisons with Tukey tests. Correlations
were reported by calculating a Pearson's linear correlation coefficient.
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3.4

RESULTS

Three rhesus macaques performed a task designed to test their ability to flexibly orient, or
inhibit orienting, toward peripheral target images by using a colored instructional cue that
appeared at the same time as the visual image (Fig. 3.1A). Peripheral target images were
unfamiliar conspecific faces or luminance-matched scrambled faces as controls. We tested
the causal role of serotonin in orienting and inhibiting gaze responses by increasing central
concentration of serotonin with the direct precursor, 5-HTP. Our main behavioral measure
of interest was the percent of trials correctly completed for both orienting and inhibition
trials. We also investigated how the preceding behavioral context impacted orienting and
inhibition performance. Finally, we examined the effect of 5-HTP on pupil size, how long
monkeys took to initiate trials, and reaction time in order to relate these measures to
changes in performance due to 5-HTP.

3.4.1

5-HTP INCREASES CENTRAL SEROTONIN AND CONSTRICTS THE
PUPIL

We have previously demonstrated that 5-HTP increases concentrations of both 5-HTP and
serotonin in cervical CSF (Weinberg-Wolf et al., 2018). In all three monkeys used in the
study, CSF 5-HTP concentrations were higher after receiving 20mg/kg 5-HTP compared
to saline (P < 0.01, t-test; Fig. 3.1B). Additionally, in all three monkeys, 5-HTP
administration also increased central serotonin (P < 0.01; Fig. 3.1B). Importantly, central
concentrations of 5-HTP and serotonin were strongly correlated with one another,
indicating that increases in serotonin are proportional to increases in 5-HTP (r = 0.83, P =
0.02, Pearson’s correlation). Because cervical CSF taps are invasive procedures, we
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previously established a biomarker of 5-HTP’s impact on central serotonin; 5-HTP dose
dependently decreases the size of the pupil (Weinberg-Wolf et al., 2018). We thus
quantified the size of the pupil, following 5-HTP and saline administrations, during the
150ms fixation period where a luminance-controlled white fixation square appeared alone
on the screen and when animal’s eyes were steady as they fixated. Monkeys exhibited a
significantly more constricted pupil during 5-HTP sessions than saline sessions (P < 0.001,
Wilcoxon sign rank; more later), and the magnitude of this constriction (-31.27  1.18%,
mean  s.e.m.) was consistent with our previous work (Weinberg-Wolf et al., 2018). These
cisternal CSF and pupil results support that 5-HTP administrations effectively cross the
blood-brain barrier to causally influence central serotoninergic function and the
parasympathetic system.

3.4.2

INDIFFERENT SACCADIC AND FIXATION BEHAVIORS BETWEEN 5HTP AND SALINE

To ensure that 5-HTP did not merely cause atypical gaze behaviors to influence
performance, we compared saccade kinematics and gaze fixations during the task. The
relationship between peak saccade velocity and amplitude did not differ between 5-HTP
and saline sessions when monkeys oriented to faces (P = 0.94, permutation test) or to
control images (P = 0.57) (Fig. 3.1C). We also compared gaze fixation patterns on target
image locations during successfully completed orient trials, as well as gaze fixations on
any parts of the monitor screen during correctly inhibited trials, between 5-HTP and saline
sessions. Fixation patterns during orient trials were not different between 5-HTP and saline
(the right and left visual image locations, both P > 0.06; Wilcoxon rank sum) (Fig. 3.1D).
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Moreover, monkeys largely remained fixated on the central cue during successful inhibit
trials (despite the fact that the task did not require them to do so), and these fixation patterns
again did not differ across 5-HTP and saline (P = 0.30) (Fig. 3.1D). Therefore, low-level
gaze behaviors were not impacted by 5-HTP.
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FIGURE 3.1 Behavioral task and CSF concentrations of 5-HTP and serotonin following
5-HTP and saline administrations. A) Behavioral task sequence. Example face and
luminance-matched scrambled control images are shown on the right. The target image
appeared either at the right or left of the instructional cue (see Materials and Methods).
B) (Left) CSF concentration of 5-HTP illustrating the central concentration of 5-HTP after
i.m. injection of saline (blue) or 20mg/kg 5-HTP (green). (Right) CSF concentration of
serotonin illustrating the central concentration of serotonin after i.m. injection of saline
(blue) or 20mg/kg 5-HTP (green). The average CSF concentration per condition is
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represented by a colored line, and shorter grey lines represent the standard error. Each
shape represents individual monkey’s data. **, P < 0.01, t-test. C) Quantifications of
saccade kinematics during successful orient trials to faces (left) and control images (right)
during both 5-HTP (blue) and saline (green) sessions. D) Fixation density heatmaps
(normalized fixation frequency) of correct orient and inhibit trials for 5-HTP and saline
conditions. Black outlines represent the stimuli (instructional cue and target images).

3.4.3

5-HTP IMPAIRS ORIENTING AND INHIBITION PERFORMANCE

Our primary question was whether increasing central concentrations of serotonin using 5HTP would impact monkeys’ ability to orient or inhibit orienting toward faces. We first
assessed performance by quantifying the percent of trials completed correctly over the
course of a saline or 5-HTP session. We observed strong impairments in performance
following 5-HTP (78.3  1.7%, mean  s.e.m.) compared to saline (85.9  1.1%) (F(1, 336)
= 75.34, P < 0.001, ANOVA; Fig. 3.2A and 3.2B). We next queried how 5-HTP affected
orienting and inhibition performance. Monkeys performed orienting trials at a near-ceiling
performance after receiving saline (98.1  0.2%), whereas they displayed orienting
impairments after 5-HTP (90.8  1.8%) (P < 0.001, Tukey test; Fig. 3.2A and 3.2B). After
normalizing performance to saline, we found that 5-HTP impaired orienting performance
similarly on trials with control images (raw 5-HTP: 88.7  2.8%, raw saline: 98.3  0.3%,
-5.3  1.6% change from saline) and those with face stimuli (raw 5-HTP: 92.8  2.2%, raw
saline: 97.9  0.4%, -9.6  2.0% change from saline) (F(1,92) = 2.87, P = 0.09, ANOVA;
Fig. 3.2C). We also asked if orienting performance differed according to the expressions
conveyed by face images: threatening versus affiliative. However, monkeys oriented to
threatening and affiliative faces at similar rates (F(1, 184) = 0.11, P = 0.74, ANOVA), and
5-HTP impaired performance during appetitive and threatening trials similarly (F(1, 92) =
0.04, P = 0.85). Although this negative finding may seem surprising at first, it was likely
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due to the fact that target images in this task disappeared as soon as monkeys’ gaze first
entered the area, leaving no time for the monkeys to foveate on or scan them.
We next investigated performance on inhibition trials. Monkeys were worse at
performing inhibition trials (74.4  1.5%, mean  s.e.m.) compared to orienting trials (98.1
 0.2%) (F(1,184) = 24.99 P < 0.001, ANOVA) during saline sessions (Fig. 3.2A and
3.2B), indicating that it was difficult for monkeys to inhibit looking at a stimulus in their
periphery, and 5-HTP further decreased this performance (66.8  1.5%, P < 0.001; Tukey
test; Fig. 3.2A and 3.2B). After normalizing performance to saline, we found that 5-HTP
impaired inhibition performance more on trials with face images (raw 5-HTP: 66.8  2.2%,
mean  s.e.m., raw saline: 74.7  1.9%, -14.72  1.9% change from saline) compared to
those with control images (raw 5-HTP: 69.8  1.9%, raw saline: 74.2  2.3%, -5.36  1.9%
change from saline) (F(1,92) = 12.16, P < 0.0001, ANOVA; Fig. 3.2C). We again observed
no differences in inhibition performance between trials with threatening compared to
appetitive faces (F(1, 184) = 0.22, P = 0.64, ANOVA), and 5-HTP impaired performance
during appetitive and threatening trials similarly (F(1, 92) = 0.44, P = 0.51). Overall, these
measures suggest that increasing central serotonin availability with 5-HTP impairs
orienting and inhibiting gaze responses, but that faces, perhaps due to their inherent
saliency, caused an especial impairment in the ability to inhibit orienting gaze toward them
(Fig. 3.2C).
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FIGURE 3.2 5-HTP disrupts orienting and inhibition performance. A) Average
performance over the course of a session during orienting trials (top) and inhibition trials
(bottom) for face images. B) Average performance over the course of a session during
orienting trials (top) and inhibition trials (bottom) for scrambled control images. For the
panels A and B, performance during saline sessions is shown in blue, whereas 5-HTP
session is shown in green (mean ± s.e.m.). The grey circles above each time series represent
significant differences between 5-HTP and saline at each time point (P < 0.05, Wilcoxon
sign rank). C) The percent change in performance due to 5-HTP relative to saline (mean
± s.e.m.), illustrating that 5-HTP selectively impaired performance on inhibition trials with
faces images (solid lines) but not those with control images (dashed line). ***, P < 0.001,
ns, not significant, ANOVA.
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3.4.4

5-HTP REDUCES FLEXIBILITY IN ORIENTING AND INHIBITING GAZE
RESPONSES

Work across multiple species has investigated the role of serotonin in inhibiting responses
and flexibly changing response (Roberts et al., 2020). In the current task, monkeys were
trained to utilize a central cue to flexibly switch between two responses: orienting or
inhibiting orienting. We tested flexibility in this context by considering the perseverating
effect of preceding trials (Durston et al., 2002). To this end, we compared performance on
trials where the previous trials (one or two) had been correct in a row as well as in which
the response type (i.e., orient or inhibit) was either the same as, or a switch from, the current
trial type in four distinct conditions (Materials and Methods).
After normalizing performance to saline, we found that 5-HTP disrupted
performance more when the preceding trials were a switch from the current type (O
I O, O O I, and I I O) compared to when they were the same (O

I,

O, I I,

O O O, and I I I) (F(1,184) = 5.73, P = 0.02, ANOVA). Notably, we found that 5HTP worsened performance on inhibition trials which were preceded by correct orientation
trials (O I and O O I versus I I and I I I) (F(1,92) = 4.96, P = 0.03), but only
when there had been two (O O I versus I I I, P = 0.03, Tukey test, Fig. 3.3) and not
one ( O I versus I I, P = 0.99) preceding trial. By contrast, 5-HTP did not alter orienting
performance according to the previous type (I O and O O I versus O O and
O O O) (F(1,92) = 1.11, P = 0.30) or previous trial sequence length (I O and O O
versus O O I and O O O) (F(1,92) = 0.73, P = 0.39; Fig. 3.3).These findings suggest
that 5-HTP increased the difficulty in inhibiting prepotent responses or, perhaps, that
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serotonin decreased the ability to flexibly switch between actions by increasing
perseverance.

FIGURE 3.3 5-HTP reduces flexibility in orienting and inhibiting gaze responses in
monkeys. 5-HTP impaired performance when the preceding trials were a swtich from the
current trial type, but not when they were the same trial type (bars represent mean ± s.e.m.)
*, P < 0.05, Tukey test. Trial order is shown as a sequence of response types (O, orientation
or I, inhibition). For example, I O indicates the current orientation trial followed a
successfully completed inhibition trial in the previous trial. Similarly, O O I indicates
the current inhibition trial followed a sequence of two successfully completed orientation
trials.

3.4.5

DECREASES IN TASK MOTIVATION AND AROUSAL BY 5-HTP ARE
RELATED TO PERFORMANCE IMPAIRMENTS

Psychopathologies for which serotonergic interventions are relied upon, especially
depression, are commonly associated with decreased motivation and anhedonia (Grahek et
al., 2019). For this reason, we were curious if 5-HTP altered monkeys’ task engagement in
the present task. To this end, we calculated the time it took for monkeys to successfully
initiate a trial (Materials and Methods) based on the reasoning that under a more engaged
state, monkeys ought to initiate trials more quickly compared to under a less engaged state.
Monkeys took longer to initiate trials during 5-HTP sessions (5-HTP: 1800  356ms, mean
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 s.e.m., saline: 583  50ms, P = 0.049, Wilcoxon rank sum; Fig. 3.4A, left). Crucially,
after normalizing the time taken to initiate trials and performance of each session to saline,
we found that the magnitude of 5-HTP’s effect on task engagement and performance were
strongly, negatively, correlated with one another (r = -0.80, P < 0.001; Fig. 3.4A, right).
Thus, 5-HTP concurrently increased the inter-trial initiation time and decreased
performance on those trials.
Autonomic arousal, estimated by pupil size, is also related to motivation and
engagement (Zekveld et al., 2014; Peysakhovich et al., 2015; van der Wel and van
Steenbergen, 2018; Shechter and Share, 2020). Therefore, we were also interested in
examining if potential changes to autonomic arousal, due to 5-HTP, influenced
performance. To answer this question, we calculated the percent change in pupil size during
the pre-trial fixation period (controlling for luminance and eye position) due to 5-HTP for
each session and correlated it with the percent change in performance due to 5-HTP. We
first quantified the size of the pupil following 5-HTP and saline administrations during the
150ms fixation period where a luminance-controlled white square appeared alone on the
screen and when monkeys’ eyes were steady as they fixated. As mentioned earlier, 5-HTP
constricted pupil compared to saline by nearly 31% (P < 0.0001, Wilcoxon sign rank; Fig.
3.4B, left). Notably, we observed a positive correlation between these two variables (r =
0.45, P = 0.028, Pearson’s correlation; Fig. 3.4B, right), indicating that the more 5-HTP
constricted the pupil during a session, the more it also impaired performance. This finding
further suggests that 5-HTP-induced impairments in task performance were linked to
serotonin-mediated changes to autonomic arousal.
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3.4.6

5-HTP CONCOMITANTLY INCREASES REACTION TIME AND IMPAIRS
ORIENTING RESPONSES

Reaction time is commonly used to study attention (Prinzmetal et al., 2005) and motivation
(Mir et al., 2011). We were curious as to whether increasing central concentrations of
serotonin with 5-HTP would affect the reaction time of gaze orienting responses in the
current task. Reaction time was longer during 5-HTP sessions (205  3ms, mean  s.e.m.)
compared to saline sessions (188  2ms) (F(1, 92) = 33.61, P < 0.001, ANOVA) (Fig.
3.4C, left). Reaction time did not, however, vary between trials with face and control
images (F(1,92) = 0.21, P = 0.65) or threatening and appetitive faces (F(1,92) = 0.19, P =
0.67). We next queried the potential relationship between reaction time and performance
during orientation trials by correlating the percent change in reaction time and the percent
change in performance due to 5-HTP. Changes in reaction time were negatively correlated
with changes in performance (r = -0.41, P = 0.049, Pearson’s correlation; Fig. 3.4C, right)
such that the more 5-HTP increased reaction time in a given session, the more it also
impaired orientation performance. This finding suggests that changes in reaction time may
index a state change in attention, engagement, or motivational which is associated with 5HTP’s impairments to orienting gaze responses.
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Figure 3.4. 5-HTP increases inter-trial initiation time, constricts the pupil, and increases
reaction time with concomitant changes in performance. A) (Left) 5-HTP increased the
amount of time monkeys took before initiating a trial (mean ± s.e.m.; individual session
data are overlaid with each monkey’s data using different shapes). (Right) The percent
changes in the inter-trial initiation time were correlated with the percent changes in
performance due to 5-HTP. B) (Left) 5-HTP constricted the pupil (same format as in the
left panel of A). (Right) The percent changes in pupil constriction were correlated with the
percent changes in performance due to 5-HTP. C) (Left) 5-HTP increased reaction time
(same format as in the left panel of A). (Right) The percent changes in reaction time were
correlated with the percent changes in orientation trial performance due to 5-HTP. Saline
sessions are shown in blue, while 5-HTP sessions are shown in green. Each shape
represents individual monkey’s data. *, P < 0.05, ***, P < 0.001, t-test. The green lines in
the scatter plots in A–C illustrate linear regression fits.
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3.5

DISCUSSION

Navigating one’s social environment requires individuals to flexibly orient to others, or
inhibit orienting to them, depending on the context. While there are many benefits
associated with collecting social information, there are also costs. Monitoring others not
only causes animals to miss out on gaining food sources, but it also leaves them less time
to monitor the environment for predators and environmental risks. There are also social
risks associated with social gaze; direct eye contact can be considered a threat to rhesus
macaques (Maestripieri, 1997), and macaques avoid the escalated aggression that can
follow inappropriate social threats (Higley et al., 1996d). Social gaze behaviors are
therefore critical to competent social behavior, which is hypothesized to be associated with
serotonergic function (reviewed in Weinberg-Wolf and Chang, 2019). In the current study,
we tested how acute administrations of 5-HTP would alter macaques’ social orienting
responses using gaze. 5-HTP selectively impaired social inhibition performance during
trials with face images, whereas it impaired performance on all orienting trials similarly.
While our scrambled images of faces were matched for low level characteristics like
luminance, faces are still more salient and attentionally capturing (Shepherd et al., 2010).
Therefore, faces might have captured attention more effectively and interacted with 5HTP’s effects to disrupt inhibition performance more strongly.
Alternating between orienting and inhibiting responses requires flexibility. 5-HTP
decreased performance on inhibition trials which were preceded by orienting trials,
suggesting that 5-HTP induced monkeys to perseverate and become less flexible in
switching between orienting and inhibiting gaze responses. Flexibility has traditionally
been studied using reversal learning tasks and individual differences in flexibility have

75

been related to serotonergic function (Barlow et al., 2015), serotonergic neurons (Matias
et al., 2017), and differences in serotonergic related genetics (Izquierdo et al., 2007). In
addition, casually depleting serotonin, particularly in the orbitofrontal cortex, impairs
reversal learning (Clarke et al., 2004; Clarke et al., 2005; Walker et al., 2009) and increases
stimulus stickiness (Rygula et al., 2015). Interestingly, a recent study has reported that oral
5-HTP impairs decision-making in an Iowa Gambling task and decreased the likelihood
that subjects would switch choices between “decks” in the task (Gendle and Golding,
2010). While these effects do not seem to have been due to increased perseverance, they
do indicate a reduction in flexible decision-making (Gendle and Golding, 2010). The
serotonergic system is extremely complex with 14 serotonin receptor subtypes, each with
differing functions (Roberts et al., 2020). For example, studies have shown that
antagonizing the 5-HT2A receptor impairs performance in reversal learning tasks while
antagonizing the 5-HT2C receptor enhances reversal performance (Boulougouris et al.,
2008; Furr et al., 2012; Nilsson et al., 2012). Additionally, serotonergic drugs can also
impact behavioral outcomes in a categorially different manner according to individual
differences and differences in drug doses (reviewed in Weinberg-Wolf and Chang, 2019).
Indeed it has been shown that while a small, acute, dose of the SSRI citalopram impairs
reversal learning, a high, acute, dose had the opposite effect (Bari et al., 2010). Therefore,
the impairment we observed in the current study, rather than improvement, in performance
and flexibility is not wholly unexpected.
Disruptions to the serotonergic system have been casually linked to action
impulsivity, especially through early responding in five-choice serial reaction time tasks
and increases in firing rates of dorsal raphe nucleus neurons when rodents must wait for
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delayed rewards (Harrison et al., 1997b, a; Winstanley et al., 2005). Contrary to what one
might predict from these results, increasing central serotonin with 5-HTP impaired
inhibition performance in our task. It is worthwhile to note that our task was not designed
to measure action impulsivity. While inhibition trials were more difficult for monkeys, the
current task did not build a prepotent responses as observed in the tradition go/no-go or
stop signal reaction time paradigms because orienting trials and inhibition trials occurred
randomly, and at equal probability, and the target image appeared equally on the left and
right side of the screen. Instead, our task required monkeys to use an instructional cue to
select the appropriate gaze response.
The observed effects are likely mediated by serotonin’s effects on parasympathetic
and autonomic arousal, as indexed by pupil size. Mental strain and focus increase the size
of the pupil (Zekveld et al., 2014; Peysakhovich et al., 2015; van der Wel and van
Steenbergen, 2018; Shechter and Share, 2020), while sleepiness and fatigue decreases pupil
size (Hopstaken et al., 2015). Our lab has established that 5-HTP dose-dependently
constricts the size of the pupil (Weinberg-Wolf et al., 2018), an effect we have replicated
in the current study. This biomarker indicates that 5-HTP has a consistent effect on the
parasympathetic nervous system and autonomic arousal. More specifically, we found that
the change in pupil size was correlated with change in performance such that the more 5HTP constricted the pupil during a session, the more it also impaired performance. In
contrast to our results, SSRIs have been shown to dilate the pupil (McDougal and Gamlin,
2011), as does phasic activation of serotonergic neurons (Cazettes et al., 2020).
Furthermore, serotonin syndrome, associated with pathologically high levels of serotonin,
is also associated with pupil dilation (Alusik et al., 2014). However, early causal studies
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conducted directly with serotonin and 5-HTP reported causal pupil constriction (Reid and
Rand, 1952; Page, 1954; Wada and McGeer, 1966; Rapport, 1997), suggesting potentially
different downstream effects from elevating serotonin availability using 5-HTP versus
through SSRIs. Our 5-HTP manipulations could be activating the parasympathetic nervous
system, decreasing autonomic arousal, or a combination of the two. This effect on arousal
may be critically underlying our observed changes in performance.
The observed effects of 5-HTP could also be due, at least in part, to changes to
motivational state. Overall, the percent change in time monkeys took to initiate a new trial
was negatively correlated with the percent change in performance such that the more 5HTP increased the time to initiate a trial, the more it also impaired performance. This metric
likely indexes motivational state and task engagement. Reaction time has also been used
to estimate engagement (Mir et al., 2011). Here, the logic dictates that the more engaged
animals are in a task, or the more motivated they are to view an image, the faster their
reaction time would be. 5-HTP caused reaction times to slow with concomitant changes in
performance, further supporting 5-HTP’s proposed role in affecting motivational state. It
should be noted, however, that an increase in reaction time alone may not necessarily
signify a decrease in engagement. For example, a previous study in humans have found
that an acute dose of the SSRI citalopram increased participant’s response time and led to
more careful moral decision-making (Crockett and Cools, 2015). Still, an earlier study
investigated the effects of 30mg/kg 5-HTP on a bar pressing task in monkeys and found
that 5-HTP transiently abolished bar pressing with concomitated pupil constriction,
sleepiness, and decreased interest in favored foods (Wada and McGeer, 1966). We thus
hypothesize that 5-HTP’s effects are primarily driven by a downregulation of arousal and
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motivational states, resulting in a constricted pupil, increased time taken to initiate trials,
slowing of reaction time, and impairment in performance.
Deficits in motivation are common in mood disorders (Grahek et al., 2019). While
SSRIs are used to treat depression, they are also associated with indifference and decreased
sexual motivation (Roberts et al., 2020). In addition, increased brain serotonin has been
associated with decreased motivation to seek rewards (Roberts et al., 2020). However,
SSRIs also sometimes increase motivation (Meyniel et al., 2016), although these effects
could be due to inadvertent activation of the dopaminergic system (Subhan et al., 2000).
Furthermore, amongst those at risk of depression, decreasing central serotonergic function
with acute tryptophan depletion can decrease motivation (Roiser et al., 2006). The timeline
of serotonergic interventions also seems to be critical. SSRIs often require chronic
administration and can even cause a worsening of symptoms in patients at first (Duman et
al., 2016; Roberts et al., 2020). In support of time-dependent effects of serotonin,
optogenetically driving serotonergic cells was found to decrease acute, spontaneous,
locomotion in mice, but repeated stimulation was found to increase spontaneous
locomotion in the aggregate (Correia et al., 2017). Given the complex auto-receptors
associated with the serotonergic system, acute and chronic manipulations may result in
variable outcomes.
Overall, our findings provide causal evidence that acutely increasing central
serotonin with the direct precursor 5-HTP impairs the ability to flexibly orient or inhibit
orienting to faces, likely by affecting the motivational and arousal systems. Future work
replicating these findings could further clarify the mechanism underlying these effects by
directly testing 5-HTP’s effect on reversal learning, motivation, social attention, and
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engagement. In general, 5-HTP is highly understudied and the field would benefit from
dissecting exactly how i.m. 5-HTP affects serotonergic receptor binding throughout the
brain. Continued efforts toward better understanding the causal effects of 5-HTP on
behaviors, circuits, and receptors would clarify the relationship between the serotonergic
system and complex behaviors, and could therefore help improve matching treatment
outcomes with patients.
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4
Serotonergic function reflects and
predicts social rank in rhesus macaques

81

4.1

ABSTRACT

Serotonergic function and early life stress are implicated in a variety of psychopathologies.
In non-human primates, early life stress is associated with impaired infant serotonergic
function, assayed via cisternal cerebral spinal fluid (cCSF) concentrations of the serotonin
metabolite 5-hydroxyindoleacetic acid (5-HIAA), and is also related to a lower social rank
attained as adults. Despite this, it is unclear how infant 5-HIAA concentrations may be
related to eventual social rank acquisition. Here, we assayed the cCSF 5-HIAA
concentrations of neonatal (11-32 days) and adult (5-12 years) rhesus macaques (n = 81)
reared in three different conditions: mother-peer reared (MPR), peer-reared (PR), and
surrogate-peer-reared (SPR). We found that adult 5-HIAA levels correlate with adult social
rank and neonatal 5-HIAA levels predict eventual, acquired, social rank. Furthermore, the
relationship between neonatal 5-HIAA and attained social rank is driven mostly by MPR
infants, who exhibit higher 5-HIAA concentrations and attain higher social rank. Our
findings may help inform serotonin’s role in developmental psychopathology and help
clinicians understand how early life stress and early life social exposure impacts the
serotonergic system and social development.
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4.2

INTRODUCTION

Impairments in central serotonergic function are associated diverse behaviors and
psychopathologies, including depression (Arango et al., 2002; Cowen, 2008), anxiety
(Baldwin and Rudge, 1995; Deakin, 1998; Stein and Stahl, 2000), aggression and impulse
control disorders (Krakowski, 2003), Autism Spectrum Disorders (Anderson et al., 1990a;
Cook and Leventhal, 1996; Nakamura et al., 2010; Williams et al., 2011; Lefevre et al.,
2017b), and others (Booij et al., 2015). It is also clear that early life stress and adversity,
including socioeconomic status, can influence several of these conditions (Johnson et al.,
1999). Critically, early impairments in serotonergic function have been associated with
later symptomatology (Jacobsen et al., 2012; Nichkova et al., 2012; Booij et al., 2015;
Yang et al., 2015; Muller et al., 2016), and serotonergic dysregulation are relied on to create
animal models of psychopathologies (Ramboz et al., 1998; Hadjikhani, 2010; Muller et al.,
2016).
The link between serotonergic function, early life stressors, and socially competent
development is difficult to directly test in humans. However, non-human primates live in
complex, social, environments similar to humans. In rhesus macaques (Macaca mulatta),
the primary non-human primate model for human clinical research, social groups are
organized into strict linear dominance hierarchies (Sapolsky, 2005), and higher social rank
is equated with greater access to resources, better health outcomes, production of healthier
infants, and higher lifetime fitness (Sapolsky, 2005; Silk, 2007). Because of these
similarities, macaques are a highly suitable model for studying the neurobiology of human
social development and health outcomes.
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Non-human primate work has connected relatively high central serotonergic
function, assessed via cisternal cerebral spinal fluid (cCSF) concentrations of the serotonin
metabolite 5-hydroxyindoleacetic acid (5-HIAA), to aggression (Higley et al., 1992),
particularly impulsive, non-productive, aggression (Higley and Linnoila, 1997). This
relationship is further supported by extensive work, in multiple species, showing that low
CSF 5-HIAA concentrations correlate with poor impulse control, impaired social
functioning, severe wounding, and even mortality in primates (Higley et al., 1992; Higley
et al., 1994; Mehlman et al., 1994a; Taub and Vickers, 1995; Higley et al., 1996c; Higley
et al., 1996b; Higley et al., 1996e; Higley et al., 1996d; Higley and Linnoila, 1997;
Mehlman et al., 1997; Westergaard et al., 1999; Zajicek et al., 2000; Fairbanks et al., 2001;
Westergaard et al., 2003). As a consequence of these impairments, non-human primates
with low 5-HIAA are less likely to acquire and maintain social dominance than those with
high 5-HIAA (Higley et al., 1992; Higley et al., 1996c; Higley et al., 1996d; Mehlman et
al., 1997; Westergaard et al., 1999; Zajicek et al., 2000; Kaplan et al., 2002; Howell et al.,
2013). This positive relationship between serotonergic function and social rank has also
been observed in humans (Coccaro et al., 1997; Edwards and Kravitz, 1997; Lucki, 1998;
Wai and Bond, 2002; Krakowski, 2003).
Despite this breadth of work, it is unclear how the developing serotonergic system
impacts long term social development. Previous work has shown that monkeys may
experience early life stress (Shannon et al., 1998; Dettmer et al., 2012; Dettmer and Suomi,
2014; Dettmer et al., 2017) and impaired sociality (Wooddell et al., 2019) by being reared
without their mothers. In addition, monkeys reared without their mothers exhibit lower
levels of cCSF 5-HIAA from early life through 5 months of age (Shannon et al., 2005) and
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attain lower social rank as adults (Bastian et al., 2003; Dettmer et al., 2017). However,
while studies have shown that cCSF 5-HIAA levels are somewhat trait-like and
interindividual differences in 5-HIAA persist over specific time periods (Higley et al.,
1996c; Shannon et al., 2005), it remains unclear how early, neonatal, serotonergic function
may predict adult serotonergic function. In addition, it is unclear if individual differences
in serotonergic function predict future social rank or simply reflect adult social rank.
In the current study, we provide results that may answer these questions. We
analyzed 5-HIAA concentrations from infant and adult cCSF samples collected over the
course of 20 years from hundreds of rhesus macaques at the Laboratory of Comparative
Ethology at the National Institutes of Health (NIH) in Poolesville, MD (Dettmer et al.,
2017). These monkeys experienced differential rearing environments for the first eight
months of life, then lived in identical conditions through adulthood. We analyzed cCSF for
the main serotonin metabolite, 5-HIAA. For each individual included in the current study,
detailed behavioral data was collected and used to construct social ranks via Elo-ratings
(using the same system as is used to rank chess players) (Neumann et al., 2011; Wooddell
et al., 2015). We investigated whether social rank correlated with contemporaneous cCSF
concentrations of 5-HIAA in adult rhesus macaques. Of considerable interest, investigated
if neonatal 5-HIAA predicted the eventual social rank acquired by rhesus macaques as
adolescents or adults. Furthermore, we were able to consider if these relationships were the
same across macaques that were reared with, or without their mothers. In addition, for a
smaller portion of our data set (n = 12), we were able to assess both neonatal and adult
cCSF 5-HIAA levels and investigated whether neonatal and adult concentrations of 5HIAA correlate across development. These analyses provide novel information about the
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role of serotonin social behavior and social rank acquisition while also providing evidence
for the role of early life stress in the impairment of both serotonergic function and social
function.
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4.3

MATERIALS AND METHODS

4.3.1

SUBJECTS, EARLY LIFE HISTORY, AND HOUSING

4.3.1.1 SUBJECTS - The subjects were 81 rhesus macaques (Macaca mulatta) (9 males
and 72 females) born and reared at the Laboratory of Comparative Ethology facilities at
the NIH Animal Center in Poolesville, MD (Dettmer et al., 2012; Dettmer et al., 2017).
Individuals were chosen opportunistically based on which animals could provide cCSF
samples free from blood contamination. Eleven social groups were studied, ranging in age
from 2 to 12 years (although one group also included a 19-year-old female who had been
part of the stable social group for many years). Of the 81 macaques, samples were included
from 12 females at infancy and adulthood, 12 females at adulthood only, and 57 macaques
(9 males and 48 females) at infancy only. Animals from three different rearing conditions
were studied: mother-peer-reared (MPR, N=39; 4 males, 35 females), peer-reared (PR,
N=18; 2 males, 16 females), or surrogate-peer-reared (SPR, N=24; 3 males, 21 females).
Two nonsocial-mother-reared female macaques were included in the sample
opportunistically because they contributed both infant and adult samples and were analyzed
as part of the MR cohort. These two subjects were reared with their mothers in single cages
rather than in social groups.
Rearing conditions in this laboratory have previously been described in detail
(Ruppenthal, 1979; Shannon et al., 1998; Shannon et al., 2005; Dettmer et al., 2012;
Dettmer and Suomi, 2014). Briefly, MPR infants were born and reared in harem groups
consisting of 6-8 adult females, 1-2 adult males, and several same-aged infants. PR and
SPR infants were separated from their mothers within the first 3 days of life and reared in
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a nursery where they were housed in incubators and hand-fed for the first 14 days of life.
From days 15 to 37, these infants were placed alone in a nursery cage with an inanimate
cloth-covered surrogate, and on day 37 PR infants were permanently placed in a large cage
with three other agemates while SPR infants began daily play sessions with peers. Monkeys
remained in their rearing conditions until approximately 8 months of age, at which time
they were relocated into a single social group comprised of all infants born in the same
year (Dettmer et al., 2012). These monkeys were part of a larger, long-term longitudinal
research program at the LCE to examine the effects of early rearing environments on socioemotional development.

4.3.1.2 SOCIAL RANK - Researchers observed each cohort in bi-weekly, 30 min sessions
for approximately 2 months. In these sessions, all instances of dominance interactions (i.e.,
displace, threat, chase, attack, and submissive behaviors such as fear grimaces) were coded
ad libitum (Altmann, 1974), along with the individuals involved in the interactions. Each
interaction was then entered into a spreadsheet and coded as a win (individual initiated a
displacement, threat, chase, or attack, or received submissive behavior) or a loss (individual
received a displacement, threat, chase, or attack, or initiated a submissive behavior). Interrater reliability for this coding was established at ≥85% agreement (Wooddell et al., 2017b;
Wooddell et al., 2017a).
Dominance hierarchies were constructed from the dominance interactions via Elorating, a numerical system that tracks individual rank changes over time by regularly
updating values based on wins and losses (Neumann et al., 2011; Wooddell et al., 2015;
Dettmer et al., 2017). Two major advantages of Elo-rating include the ability to track rank
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changes over time, and accommodating variations in social dynamics (Wooddell et al.,
2015). Using the elo.sequence function in R software (v 3.1.2), Elo-ratings were generated
by setting each animal’s initial rating at 1000, and the k factor (a constant weighted based
on the probability of winning) at 200 (Neumann et al., 2011). An average Elo-rating was
calculated for each individual after approximately 2 months of data collection. For two
groups of monkeys, age 2 and 3, Elo-ratings were calculated in 2016. For four groups of
monkeys, aged 4-6, Elo-ratings were calculated in 2015; for the remaining 5 groups of
monkeys, aged 5-12, Elo-ratings were calculated in 2013.
Elo-rating values fluctuate proportionally in relation to the frequency of aggression,
which, in turn, can vary between groups (i.e., cohorts), making Elo-rating of monkeys from
different cohorts not directly comparable. Therefore, because we aimed to examine
predictors of adult rank within the social group, Elo-ratings were then used to calculate a
relative rank for each individual within the social group. Within the group, monkeys were
assigned ordinal ranks in reverse order from highest to lowest Elo-rating; then, that rank
was divided by the total number of animals in the social group at the time of Elo-rating to
calculate a relative rank (group size ranged from 12 to 14 individuals) (Dettmer et al.,
2017). Thus, relative rank within each group ranged from 0.07 (lowest ranking individual)
to 1.0 (highest ranking individual). In this way, we could determine predictors of an
individual’s relative rank within its group.

4.3.2

CSF SAMPLE COLLECTION AND ASSAYS

All samples were collected as part of a larger, long-term longitudinal research program at
the LCE to examine the effects of early rearing environments on socio-emotional
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development. Cisternal CSF (cCSF) samples were collected from infants at approximately
14 and 30 days. Adult CSF samples were collected in 2012 and 2013 from mothers whose
infants had samples collected on days 14 and 30, near the time that dominance observations
were collected and Elo-ratings were created. For CSF collection, animals were anesthetized
using ketamine HCl (intramuscular: 10 mg/kg). 500 l of CSF was collected during infant
draws while 1000 l of CSF was collected during adult draws. Punctures targeted the
cisterna magna through the atlanto-occipital membrane using a 22-gauge needle and 5-cc
syringe. CSF was immediately aliquoted, labeled and frozen on dry ice before being
transferred to a −80 C freezer.
Samples with gross blood contamination (>0.1%), as indicated by pink coloration,
were excluded prior to screening for hemoglobin. Limiting blood contamination to <0.1%
was sufficient to ensure that analyses were not affected by blood. Neurochemical analyses
levels of 5-Hydroxyindoleacetic acid (5-HIAA) were determined using reverse-phase high
performance liquid chromatography (HPLC) as previously described (Anderson et al.,
1987a; Anderson et al., 1987b; Anderson et al., 1990b; Anderson et al., 2002).

4.3.3

DATA ANALYSIS

We examined the cCSF concentrations of 5-Hydroxytryptophan (5-HIAA) in 57 infant and
26 adult rhesus macaques. Individuals were MPR, PR, or SPR. We also examined
macaques’ social rank via Elo-ratings, and the social rank eventually acquired by infants
age as adolescents (age 2-4) or adults (age 5-12). To ensure that our analyses were not a
product of extremes, and to control for extraneous variables that may have affected
subjects’ physiology, adults (n = 2) with values two or more standard deviations above or
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below the mean cCSF 5-HIAA concentration were excluded from these analyses. Infant
samples that were more than two standard deviations above or below the mean were
maintained because these samples fell within the expected range of infant 5-HIAA and did
not seem to be due to sampling error. Males and females exhibited similar 5-HIAA levels
(P = 0.91, ttest) and attained similar ranks (P = 0.13, ttest) and were therefore combined.
Relationships between cCSF HIAA, relative rank, and age were reported by
calculating a Pearson's linear correlation coefficient. When appropriate, the effect of age
was controlled for by reporting a Pearson’s partial correlation coefficient. Differences
between pairs of 5-HIAA levels and relative ranks were examined with two tailed
independent t-tests while differences between sets of three groups, i.e. rearing conditions,
were investigated with one-way ANOVA models. Direct post hoc comparisons with two
tailed independent t-tests and corrected the P-value for multiple comparisons with Tukey
tests.
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4.4

RESULTS AND DISCUSSION

4.4.1

ADULT CSF 5-HIAA REFLECTS ADULT SOCIAL RANK

The field has established that cCSF 5-HIAA is inversely correlated with escalated
aggression and impulsive actions in males (Higley et al., 1992; Mehlman et al., 1994b;
Doudet et al., 1995; Higley et al., 1996e; Higley et al., 1996d; Mehlman et al., 1997) and
females (Westergaard et al., 1999; Westergaard et al., 2003). 5-HIAA is also related to
social competence and dominance status in males (Mehlman et al., 1995; Higley et al.,
1996c; Higley et al., 1996e; Gerald et al., 2002) and females (Higley et al., 1996c;
Westergaard et al., 1999), although previous studies have used different tools to measure
status. For example, previous studies have provided a resource to pairs of animals and
noted which one controlled the resource (i.e. a food item) and used this to create a
dominance hierarchy (Westergaard et al., 1999). Elo-ratings, however, are created based
on naturalistic observations and therefore a superior method to measure dominance status
and social rank in established groups (Wooddell et al., 2017a). Relative ranks are created
by normalizing Elo-ratings to the number of individuals in a social group such that the
individual with the highest Elo-rating translates to the highest relative rank. For this reason,
we queried whether cCSF 5-HIAA concentrations amongst our 24 adult female macaques
(age 5-19) correlated with relative ranks constructed based on Elo-ratings. We found that
individuals with higher 5-HIAA levels indeed exhibited a higher relative rank (r = 0.46, P
= 0.02, Pearson’s; Fig. 4.1). 5-HIAA levels were not correlated with age amongst our 24
adults (r = 0.06, P = 0.77, Pearson’s), and the relationship between 5-HIAA and rank
persists even when controlling for age (rho = 0.46, P = 0.03, Pearson’s partial). Overall,
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rearing did not impact adult 5-HIAA concentrations (F(2,21) = 0.5, P = 0.61, ANOVA)
and only trended to impact relative rank (F(2,21) = 3.06, P = 0.068, ANOVA). In addition,
MPR (n = 15) adults did not differ from combined PR and SPR (n = 9) adults according to
5-HIAA level (P = 0.75, ttest) and only trended to have higher rank (P = 0.06, ttest). Bastian
and colleagues (2003) found that MPR adults outrank PR and SPR adults when calculating
dominance status via elicited agonistic encounters (i.e. which individual would maintain
control over a novel food item), and Dettmer et al. (2017) found that MPR adults outrank
PR and SPR adults using the same Elo-rating method used here (Bastian et al., 2003;
Dettmer et al., 2017). However, because our samples were chosen opportunistically, our
data was unbalanced across the three rearing conditions and is likely underpowered to
investigate the effect of rearing on adult status in this subgroup.

FIGURE 4.1 Adult (n = 24) cCSF 5-HIAA concentrations positively correlate with
contemporaneous relative rank (r = 0.46, P = 0.02).
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FIGURE 4.2 Rearing impacts neonatal cCSF 5-HIAA and acquired relative rank. (A)
Rearing condition impacts the relative rank eventually attained by infants (F(2,68) = 4.52,
P = 0.01). MPR infants attained similar ranks to PR infants (P = 0.86), but both MPR (P
< 0.01) and PR (P = 0.02) infants attained higher rank than SPR infants. (B) Rearing
condition trends to impact neonatal cCSF 5-HIAA concentrations (F(2,68) = 2.74, P =
0.07), but MPR infants overall exhibit higher neonatal cCSF 5-HIAA concentrations than
infants reared without mothers (P = 0.02).

4.4.2

INDIVIDUAL DIFFERENCES IN INFANT CSF 5-HIAA PREDICTS
EVENTUAL ADULT SOCIAL RANK

We aimed to specifically test whether infant 5-HIAA levels would predict eventual social
rank. We found that amongst our sample of 71 infants, 5-HIAA (at age 11-32 days) indeed
correlated with eventual relative rank (r = 0.27, P = 0.02, Pearson’s; Fig. 4.2) such that
infants with higher 5-HIAA levels eventually attained higher status (at age 2-12). As with
the subset of infant samples included in our smaller, longitudinal, subgroup, infant 5-HIAA
concentrations did not correlate with the age at which cCSF samples were taken (r = -0.14,
P = 0.24, Pearson’s), and the relationship between 5-HIAA and rank persists even when
controlling for age (rho = 0.25, P = 0.03, Pearson’s partial). While previous studies have
found that 5-HIAA concentrations decrease with time, we did not have access to repeated,
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within-subject, samples throughout development (Shannon et al., 2005). We also analyzed
cCSF samples from individuals from the neonatal period, while other studies included
samples for different periods. This could be why we fail to replicate the relationship
between 5-HIAA concentrations and age.
Previous studies have found that 5-HIAA concentrations differ during development
according to rearing with MPR infants exhibiting higher 5-HIAA concentrations compared
to PR and SPR infants (Shannon et al., 2005). Given this previously studied relationship
between rearing and 5-HIAA levels, we next queried whether 5-HIAA levels differed
according to rearing in our infant sample. Rearing condition only trended to impact 5HIAA (F(2,68) = 2.74, P = 0.07, ANOVA; Fig 4.2B). Shannon and colleagues (2005)
found that 5-HIAA levels did not differ between PR and SPR infants and therefore
combined them in their analyses (Shannon et al., 2005). Because PR and SPR infants
exhibited similar 5-HIAA levels in our analyses as well (P = 0.78, ttest), we investigated
the difference in 5-HIAA between MPR infants (n = 34) and combined PR and SPR infants
(n = 39). As expected, MPR infants exhibited higher 5-HIAA levels than infants raised
without mothers (P = 0.02, ttest; Fig. 4.2B).
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FIGURE 4.3 Neonatal cCSF 5-HIAA predicts acquired relative rank for MPR, but not
PR or SPR, infants. Overall, neonatal cCSF 5-HIAA concentrations positively predict the
social rank infants eventually attain (red line; r = 0.27, P = 0.02). However, when
investigating the effect of rearing on the relationship between neonatal 5-HIAA and
acquired social rank, MPR macaques (black circles and solid line; r = 0.39, P = 0.02), but
not PR (grey circles and large dashed line; r = -0.38, P = 0.17) or SPR (open circle and
small dashed line; r = 0.21, P = 0.35) macaques exhibit a positive relationship between
neonatal 5-HIAA levels and acquired social rank.

We also found that rearing impacted relative rank (F(2,68) = 4.52, P = 0.01,
ANOVA; Fig 4.2A). MPR infants attained similar ranks to PR infants (P = 0.86), but both
MPR (P < 0.01, ttest) and PR (P = 0.02, ttest) infants attained higher rank than SPR infants
(Fig. 4.2A). We were also curious if our observed relationship between infant 5-HIAA and
acquired status held for each rearing condition and found that infant 5-HIAA correlated
with eventual relative rank for MPR (r = 0.39, P = 0.02, Pearson’s), but not PR (r = -0.38,
P = 0.17, Pearson’s) or SPR (r = 0.21, P = 0.35, Pearson’s) infants (Fig. 4.3). This indicates
that our overall relationship between infant 5-HIAA and eventual status was likely driven
by MPR infants.
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FIGURE 4.4 Neonatal cCSF 5-HIAA predicts adult, but not adolescent, acquired
relative rank. Neonatal cCSF 5-HIAA overall positively predicts acquired social rank (red
line; r = 0.27, P = 0.02). However, neonatal 5-HIAA predicts rank acquired as adults
(black; r = 0.36, P = 0.03), but not as adolescents (grey; r = 0.16, P = 0.36).

Bastian and colleagues (2003) found that MPR and PR reached similar status as
adolescents, both outranking adolescent SPR macaques. Furthermore, they found that MPR
macaques only outranked PR macaques as adults (Bastian et al., 2003). In our current data
set, eventual, attained, rank, was calculated for some individuals when they were
adolescents (age 2-4) and from others when they were adults (age 5-12). This mix of
adolescent and adult rank could mean that MPR individual would outrank both PR and
SPR individuals when elo rankings were taken as adults, but not as adolescents. We tested
this by running a 2x3 ANOVA model specifying elo age (adult versus adolescent) and
rearing (MPR versus PR versus SPR), but observed no interaction between age and rearing
(F(2,65) = 0.17, P = 0.85). Despite this, we investigated whether, more broadly, infant 5HIAA levels and acquired status were correlated for macaques for whom Elo-ratings were
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created at adolescence (2-4 years) versus at adulthood (5-12 years). We found that infant
5-HIAA levels were correlated with adult relative rank (r = 0.36, P = 0.03, Pearson’s), but
not adolescent relative rank (r = 0.16, P = 0.36, Pearson’s; Fig. 4.4). Therefore, it seems
that our observed relationship between infant 5-HIAA and eventual relative rank is being
driven, at least in part, by individuals for whom Elo-ratings were created as full adults.
Adolescent rank appears to be more volatile and less trait-like than adult rank (Bastian et
al., 2003), so it is possible that infant 5-HIAA only predicts stabilized, adult, status.

4.4.3

INFANT CSF 5-HIAA MAY NOT CORRELATE WITH ADULT CSF 5-HIAA

cCSF 5-HIAA decreases throughout primate development (Kraemer et al., 1989; Higley et
al., 1992; Higley et al., 1996a; Shannon et al., 2005). These results were replicated in the
current data set, with infants (n = 71) exhibiting higher 5-HIAA levels (199.17  32.70
ng/mL) than adults (n = 26) (74.21  19.18, P < 0.0001, t-test). Previous work indicates
that individual differences in 5-HIAA levels are trait-like and stable over short and long
periods of time (Higley et al., 1996c; Shannon et al., 2005). However, few studies have
investigated whether cCSF 5-HIAA levels collected in the neonatal period are correlated
with eventual, adult, levels. To test whether individual differences in 5-HIAA levels in the
neonatal period (age 12-28 days) were stable to adulthood (age 4-12 years), we correlated
infant and adult cCSF concentrations in a subset of 12 individuals for whom we had
samples from both time points. We found that within this subset, infant and adult 5-HIAA
levels were not correlated (r = 0.50, P = 0.10, Pearson’s) and neither infant (r = 0.12, P =
0.72, Pearson’s) nor adult (r = -0.31, P = 0.33, Pearson’s) samples were correlated with the
age at which CSF samples were collected (Fig. 4.5). While Shannon and colleagues (2005)
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illustrated that inter-individual differences were stable between 10 and 150 days of age,
Kraemer and colleagues (1989) suggest that individual stability may not emerge until four
months of age and found that neonatal 5-HIAA levels were not correlated with adult 5HIAA levels (Kraemer et al., 1989; Shannon et al., 2005). More critically, the current study
was likely underpowered, only being able to test infant to adult stability in 12 individuals.
With a greater sample size it is likely that infant samples, even those from the neonatal
period, could predict individual differences in adult 5-HIAA concentrations.

FIGURE 4.5 Neonatal cCSF 5-HIAA concentrations do not correlate with adult cCSF 5HIAA concentrations amongst a set of 12 macaques (r = 0.50, P = 0.10).
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4.5

CONCLUSIONS

In this article we evaluated 5-HIAA concentrations in the cCSF of neonatal and adult
rhesus macaques. We found that adult 5-HIAA concentrations correlate with social rank
and neonatal 5-HIAA positively predicts eventual, acquired, social rank. Furthermore,
individual differences in neonatal 5-HIAA better predict adult, versus adolescent, social
rank, perhaps because adult rank is less volatile than adolescent rank. Of particular interest
is that MPR infants, compared to PR and SPR infants, exhibit both higher 5-HIAA levels
and attain higher social rank. Individuals reared without their mothers experience higher
levels of stress (Dettmer et al., 2012) and altered sociality (Wooddell et al., 2019). While
we found that neonatal (11-32 days) 5-HIAA levels do not correlate with adult (5-12 years)
levels, this is likely due to our much smaller sample for this particular analysis. Despite
this, these findings suggest that rearing, through both early life stress and altered social
exposure, impacts serotonergic function and social development. These effects are long
term and influence adult social rank. Our findings therefore inform how early life stress
impact serotonin’s role in social development.
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5
Discussion
5.1

GENERAL OVERVIEW

This thesis aimed to expand our understanding of the role of the serotonergic system in
primate social competency. Primates, including humans and rhesus macaques, must
monitor others to navigate their complex social environments. However, other monitoring
behaviors are also guided by their relative costs; accidental aggression to conspecifics and
lost opportunities to monitor the environment and gain information about food sources,
predation, and environmental risk. The ability to balance social and environmental
monitoring requires flexibility and social monitoring can greatly vary across individuals
due to differences in age, gender, and dominance status. In addition, differences in
serotonergic function and social monitoring throughout development has lifelong impacts
on individuals’ social development and health outcomes. It seems that variability in social
structure and living environments may underlie how, and why, social monitoring differs
within and between populations and also between macaque species.
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5.2

WHY DO SEROTONIN’S EFFECTS DIFFER BETWEEN INDIVIDUALS?

Scientists have long been puzzled by how impaired serotonergic function can be linked to
both depressive symptomatology, characterized in large part by inaction (Coppen, 1967;
Arango et al., 2002; Harmer, 2008; Sharp and Cowen, 2011), and impulsive aggression
(Coccaro, 1992; Krakowski, 2003; Ferrari et al., 2005), largely characterized by action.
How might serotonin be commonly regulating these qualitatively disparate phenomena?
Depression and impulsive aggression are both marked by impairments in cognitive effort,
or the ability to deploy effort within the cognitive domain, but this impairment may result
in strikingly divergent effects due to differences between individuals (Carver et al., 2008).
As I discussed in Chapter 1, when individuals are at risk of, or have a family history of,
impulsivity (Cleare and Bond, 1995; LeMarquand et al., 1999; Bjork et al., 2000; Crean et
al., 2002), an impairment in serotonergic mediated cognitive effort can manifest as
impulsive action and even impulsive aggression (Brown et al., 1979; Gibbons et al., 1979;
Linnoila et al., 1983; Virkkunen et al., 1987; Roy and Linnoila, 1988; Moreno et al., 1991;
Harrison et al., 1999; Cools et al., 2005; Rubia et al., 2005; Winstanley et al., 2005;
Crockett et al., 2010b; Comai et al., 2016; Dalley and Robbins, 2017). In other cases,
particularly those where individuals are at risk of, or have a family history of, depression
(Benkelfat et al., 1994; Delgado et al., 1994; Smith et al., 1997; Ellenbogen et al., 1999;
Klaassen et al., 1999; Leyton et al., 2000; Quintin et al., 2001; Booij et al., 2005b; van der
Veen et al., 2007; Merens et al., 2008), impairments instead can cause a drive towards
inaction that is difficult to overcome, as well as low motivation, inability to regulate and
detach from negative emotions, and the development of clinical depression (Young et al.,
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1985; Ellenbogen et al., 1996; Smith et al., 1999; Moore et al., 2000; Ruhé et al., 2007;
Harmer, 2008). Impairments in both impulse control (Hill, 2004) and depressive
symptomatology (Stewart et al., 2006; Simonoff et al., 2012) are also associated with ASD.
Serotonergic interventions to alleviate symptomatology are variable and difficult
to predict (Fux et al., 1993; Turner et al., 2006; Chekroud et al., 2016). Furthermore,
serotonergic manipulations on other monitoring and social functions differ between
healthy and at-risk populations (Delgado et al., 1994; Cleare and Bond, 1995; Griebel,
1995; Smith et al., 1997; Kent et al., 1998; Smith et al., 1999; Leyton et al., 2000; Van
der Does, 2001; Bhagwagar et al., 2004; Booij et al., 2005a; Hayward et al., 2005;
Merens et al., 2008). This could be because, across a population, individuals exhibit a
variation of serotonergic, behavioral, and cognitive phenotypes. One model, Two-Model
Model of Self-Regulation, postulates that individual differences in behaviors associated
with depressive and impulsive aggression symptomatology present on the opposite ends
of a normal distribution with the most typical serotonergic function near the center and
impaired serotonergic function near the tails (Carver et al., 2008). Because of this, one
can postulate that improving serotonergic function could move individuals towards the
center of the distribution to promote a more typical level of cognitive performance and
behaviors associated with symptomologies. According to this framework, improving
central serotonergic function can result in categorically distinct changes in cognition and
behavior depending on where individuals fall along this curve at baseline. If an individual
exhibited impaired serotonergic function and too low a level of a behavior at baseline,
improving serotonergic function could increase that behavior. On the other hand, if an
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individual exhibited impaired serotonergic function and too high a level of a behavior at
baseline, improving serotonergic function could decrease that behavior.
In Chapter 2, I reported findings that support this framework model. I report that
while 5-HTP modulated looking duration in all animals, 5-HTP increased looking duration
in half of the subjects but decreased looking duration in the other half. Critically, baseline
differences in attention predicted the direction in which, and magnitude by which, 5-HTP
modulated looking. 5-HTP increased looking duration in subjects that exhibited low
baseline attention, yet decreased it in those with high baseline attention. In addition, lower
baseline attention animals exhibited lower task engagement, assayed via animals’
motivation to view images via anticipatory looking between trials, than higher baseline
attention animals during saline sessions. 5-HTP furthermore increased engagement in
lower baseline animals but decreased engagement in higher baseline animals. While we
did not observe bidirectional effects of 5-HTP on orientation and inhibition performance
as reported in Chapter 3, this could be because of the dosage of 5-HTP we selected or
because of a relatively small sample size. Future replications should elucidate whether 5HTP would impair orientation and inhibition in all macaques, or cause varying effects
across a population.
Applying the Two Mode Model of Self-Regulation to these findings would suggest
that individual differences in central serotonergic function predict how modulating central
serotonin affects cognition and behavior. In Chapter 2, I assessed central serotonergic
function by looking at the ratio of 5-HIAA to serotonin in the CSF. Generally, higher
central 5-HIAA to serotonin ratios indicate an increased rate of serotonin metabolism
within the brain and relatively enhanced serotonergic function (Tozer et al., 1966; Roy and
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Linnoila, 1988). The measured 5-HIAA to serotonin ratio indeed predicted both looking
duration at baseline and also the percent change in looking duration due to 5-HTP. Overall,
individuals with low baseline 5-HIAA to serotonin ratios attended to images less at baseline
and exhibited more positive changes in looking duration due to 5-HTP than their high
baseline counterparts. Previous work has associated lower 5-HIAA to serotonin ratios with
depressive symptomatology (Mendels et al., 1972; Coppen et al., 1978; Arango et al., 2002;
Sharp and Cowen, 2011), humans who attempt suicide (Roy and Linnoila, 1988; Molcho
et al., 1991), extreme aggression (Garattini et al., 1967; Valzelli, 1971), and ASD (Muller
et al., 2016). Given this previous work and the above results, it is plausible that the diversity
in effects of serotonergic intervention on healthy, at risk, and pathological populations is,
at its core, due to differences in central serotonergic function via a hypothesized inverted
U-shaped relationship (Fig. 5.1).

FIGURE 5.1 Inverted U-Shaped Relationship between Serotonergic Function and
Cognition and Behavior. Individuals with low baseline serotonergic function would
increase behavior or cognitive function of interest due to a serotonin manipulation that
increases central serotonergic function, while individuals with high baseline serotonergic
function would decrease behavior or cognitive functions due to the same serotonergic
manipulation, that would cause a decrease in overall serotonergic function, towards a
central, more typical, level of the behavior or cognitive function in question.
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5.3

WHY DOES VARIABILITY IN SEROTONERGIC FUNCTION PERSIST
EVOLUTIONARILY?

Across a population, individuals exhibit a variation of serotonergic, behavioral, and
cognitive phenotypes. As predicted by the Two-Model Model of Self-Regulation,
individual differences in behaviors associated with depressive and impulsive aggression
symptomatology present on the opposite ends of a normal distribution with typical
serotonergic function near the center and impaired serotonergic function near the tails. It is
therefore likely that diversity in behaviors, including monitoring others, are reflective of
variation in social competency in primate species. Given that, as discussed in Chapters 1
and 2, increasing central serotonin seems to push behaviors and cognitive processes
towards a central level, we are left with a principal question: Why does this phenotype not
completely dominate? In general, variability is associated with improved adaptability
within and across individuals, populations, and species (Conrad, 2012). I would like to
consider the example of macaque species. If each individual macaque exhibited the same
behavioral phenotype, one that exhibited a median amount of other monitoring behaviors
and a middle rank within a flat hierarchy, they could experience overly high rates of injury
by fighting each time a decision must be made about how to share a resource
(Balasubramaniam et al., 2012). Dominance hierarchies ensure that each animal is allotted
some portion of resources, and this reduces overall fighting (Thierry, 2007;
Balasubramaniam et al., 2012). In the wild, dominance hierarchies manifest as dominant
and subordinate behaviors (Rowell, 1974) and as individuals with differential other
monitoring behaviors (Haude et al., 1976; Capitanio et al., 1985; Capitanio, 1987; Gould
et al., 1997; Chalmeau et al., 1998; Evers et al., 2012). It could be that variability in
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phenotypes have evolved as a consequence of selection for the diversity necessary to
generate and maintain dominance structures (Caine and Marra, 1988; Gould et al., 1997;
Thierry, 2007; Balasubramaniam et al., 2012).
There are 19 sub-species of macaques, each with slightly different styles of
dominance hierarchy. Highly despotic species have extremely steep hierarchies whereby a
dominant individual almost always wins contests with their subordinates. On the other
hand, the dominance hierarchies of tolerant species are less steep and thus dominant and
subordinate individuals win contests more evenly (Thierry, 1985; Petit et al., 1997; Thierry
et al., 2000; Thierry, 2007; Balasubramaniam et al., 2012). Rhesus macaques are one of
the sub-species with the most despotic, or steep, dominance hierarchies (Thierry, 2007;
Balasubramaniam et al., 2012). They exhibit more extreme and higher rates of aggression,
along with higher rates of species typical threat and submissive gestures compared to less
despotic species, like the Tonkean macaques (Macaca tonkeana), who instead exhibit
higher rates of affiliative gestures (Petit et al., 1997; Thierry, 2007). The relationship
between individual variations in 5-HIAA and aggressive behaviors that is observed within
a species (Higley et al., 1992), holds true across species as well. Species with relatively
more despotic hierarchies, like rhesus, exhibit lower concentrations of CSF 5-HIAA
compared to species with slightly less despotic hierarchies, like pigtailed macaques
(Westergaard et al., 1999). In addition, population differences in hierarchy steepness have
been associated with differences in testosterone in capuchin monkeys (Mendonça-Furtado
et al., 2014), although future work would benefit from comparing serotonergic function not
only amongst species, but also populations of macaques with varying degrees of hierarchy
steepness.
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Diversity in serotonergic function may contribute to regulating aggression and
dominance relationships across individuals, population, and species. It may be that species
with more despotic dominance hierarchies have developed greater intra-group diversity in
social monitoring strategies because of greater intra-group differences in social threat
(Caine and Marra, 1988; Watson et al., 2015). In Chapter 4, I showed that neonatal (days
11-32) CSF 5-HIAA concentrations predict the social rank eventually acquired by infant
rhesus macaques raised by their mothers, but not those raised without their mothers.
Amongst this same set of data, macaques reared by their mothers exhibit higher variability
in CSF 5-HIAA concentrations, compared to their peers (P < 0.001, F-test). Maternal care
also varies across macaque species with varying levels of despotism (Maestripieri, 1994).
The relationship between early environments, social monitoring, and serotonergic
variability across populations, and species, needs to be investigate more rigorously in the
future. However, this finding does suggest that serotonergic variability may be higher in
macaques with enriched early environments and that diversity in serotonergic function is
evolutionarily beneficial.
Interestingly, despotic species of macaques exhibit more variation in genes related
to serotonergic function, like the 5-HTT gene which encodes for the serotonin transporter
(Wendland et al., 2006; Dobson and Brent, 2013) and this indicates there is a relationship
between variation in dominance-related behavior and diversity in serotonergic function.
The relationship between individual differences in these genotypes and monitoring others,
vigilance, and dominance has been investigated extensively. While the genetic architecture
of these complex behavioral traits is polygenic in nature, evidence suggests that individual
differences in these social behaviors are heritable and may be related to genetic variation
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in the serotonergic pathway (Hariri and Holmes, 2006; Canli and Lesch, 2007; Rogers et
al., 2008; Gibboni et al., 2009; Watson et al., 2009; Beevers et al., 2010; Beevers et al.,
2011; Duncan and Keller, 2011; Brent et al., 2013; Dobson and Brent, 2013; Boll and
Gamer, 2014; Watson et al., 2015). It should be noted that, in Chapter 2, all monkeys were
genotyped for the three most studied single nucleotide variations which are associated with
serotonergic function: the polymorphic region of the serotonin transporter (5-HTTLPR),
tryptophan hydroxylase 2 (TPH-2), and monoamine oxidase A (MAO-A) (Watson et al.,
2009). The small sample size (n=6) means that these results cannot be interpreted
statistically. However, the genetic variability we did observe exhibited behavior that would
be associated with those specific variants. Given these findings, a plausible evolutionary
hypothesis is that species that have more diversity in social monitoring due to higher levels
of hierarchy despotism also exhibit greater diversity in the genetic encoding of the
serotonergic pathway (Fig. 5.2). Future work should evaluate this hypothesis more directly,
genotyping individuals across multiple species of macaques and comparing genetic
differences to naturalistic other monitoring behaviors, like vigilance, and, ideally, CSF
concentrations of serotonergic proteins including serotonin, 5-HTP, and 5-HIAA.
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FIGURE 5.2 Diversity in social tolerance in macaque species is related to diversity in
serotonergic function, and potentially impacts diversity in dominance rank, aggression,
and social monitoring. A summary figure illustrating the known relationships between
diversity in serotonergic genetics, serotonergic function, social tolerance, and diversity in
dominance rank, aggression, and social monitoring across species of macaques. Dotted
lines represent the impact of diversity in serotonergic alleles on serotonergic function.
Solid black lines represent the impact of serotonergic function on aggression, dominance
status, and social tolerance. Gray lines represent the relationship between serotonergic
function and social monitoring and the relationship between social monitoring and
aggression, dominance status, and social tolerance.

5.4

EARLY SOCIAL EXPOSURE, TOGETHER WITH SEROTONERGIC
FUNCTION, IMPACTS SOCIAL DEVELOPMENT

Variability in serotonergic function is not only related to genetic variability, but also
environmental factors including maternal care and early life stress (Shannon et al., 2005).
Maternal care strongly impacts social monitoring behaviors in infants (Mandalaywala et
al., 2014) and infants reared without their mothers exhibited heightened levels of vigilance
and impaired foraging (Bauer and Baker, 2016), perhaps indicative of an impaired balance
in other- and environmental- monitoring. These factors, genetics, early social
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environments, and serotonergic function, together impact social development. I discussed
the role of serotonin in the developing social brain in Chapter 1 and especially focused on
the potential role early hyperserotonemia may play in ASD. In Chapter 4 I investigated
how early life social stress, caused via maternal separation, impacted neonatal serotonergic
function and life-long social competency in rhesus macaques. I found that individual
differences in serotonergic function amongst neonates, aged 11-32 days, predicts eventual,
acquired, dominance status as adolescents or adults. Our subsample of individuals for
whom we had both a neonatal and adult sample was smaller than the full sample (n=12)
and we therefore were not able to determine if individual differences in neonatal 5-HIAA
predict adult 5-HIAA. While individual differences in 5-HIAA concentrations have been
shown to be stable from the neonatal period through 5 months of age (Shannon et al., 2005),
and also stressful events amongst adults (Higley and Linnoila, 1997), future work would
benefit from larger long term, longitudinal, studies on individual differences in
serotoninergic function throughout development. Furthermore, the relationship between
neonatal 5-HIAA concentrations and acquired rank held only for infants raised by their
mothers, and mother reared infants also exhibited higher neonatal levels of serotonin and
attained higher social ranks than their peers. In stable, multigenerational, groups, female
rhesus macaques exhibit inherited dominance rank directly below their mother such that
younger sisters rank above than older sisters (Kawai, 1958). While we were not able to
directly assess maternal rank in all the infants included in the sample, previous work has
shown that maternal rank interacts with early social experience to determine rank
acquisition (Wooddell et al., 2017b), although affiliation and aggression do seem heritable
to some extent (Maestripieri, 2003). Given this, it seems that maternal rank likely plays a
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role in rank acquisition and early serotonergic function, but that this is much stronger when
infants are reared by their mothers and experience socially enriched early environments.
The field would benefit from studies which correlate maternal serotonergic function with
their offspring’s serotonergic functions as neonates, when reared with and without their
mothers, to more directly test the relationships between maternal serotonergic function,
maternal rank, offspring serotonergic function, and the rank acquired by offspring.
Ongoing work aims to elucidate the relationship between central concentrations of
serotonin and dominance status acquisition. Within a subset of samples from this same
dataset, we are currently quantifying concentrations of serotonin in CSF. We aim to
determine if concentrations of serotonin, and not just 5-HIAA reflect and/or predict
dominance status. Furthermore, we are investigating if maternal absence during rearing
impacts neonatal serotonin. We will also be able to evaluate the serotonin to 5-HIAA ratio
amongst this subset, determining its relevance to dominance status acquisition and how it
is impacted by rearing.
I am also currently investigating which aspects of infant cognitive function may be
underlying differences in dominance status acquisition due to neonatal serotonergic
function. Mother-infant interactions are critical early social experiences and promote social
behavior in primates (Dettmer et al., 2016). Furthermore, infant macaques who present
with early impairments, like in the ability to process social information, develop lifelong
impairments in social motivation and social competency (Sclafani et al., 2016). Therefore,
it is critical to understand how maternal separation impacts infant affective cognition and
determine if deficits are related to serotonergic function. Amongst a subset of infants
included in the Chapter 4 data set, affective reactivity, cognitive flexibility, and

112

impulsivity were assessed via cognitive tasks. This set of data will allow us to relate
neonatal serotonergic function, assayed via cervical concentrations of serotonin and 5HIAA, not only to affective development, but also aspects of cognitive development to
clarify the relationship between serotonergic function and affectivity, flexibility, and
impulsivity in social competency and dominance status acquisition.

5.5

SEROTONIN IS CRITICAL FOR BALANCING OTHER MONITORING
BEHAVIORS

Flexibility is critical competent social monitoring behaviors. Individuals must judge
relative costs and benefits and, depending on the context, flexibly switch between orienting
to stimuli in their environments while, at other times, inhibiting looking to stimuli (Caine
and Marra, 1988). Chapter 2 provided novel evidence for serotonin’s role in social
monitoring behaviors. While 5-HTP modulated looking duration to both social and
nonsocial images, 5-HTP had a greater effect on attention to social images. In animals that,
at baseline, directed less attention to social images, 5-HTP increased attention to social
images more than to non-social images. On the other hand, in high baseline social attention
animals, 5-HTP decreased attention specifically to social images. Moreover, 5-HTP had
the largest impact on attention to facial features that are salient and convey important social
information, the eyes and mouth. 5-HTP increased looking to the eyes and mouth in
animals with low baseline attention, but decreased looking to these same regions in animals
with high baseline attention. In addition, these effects were greatest for expressive
compared to neutral faces, and faces with direct gaze compared to averted gaze, meaning
that 5-HTP seems to modulate attention to social stimuli as a function of how salient facial
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expression are and also the relative value of the information they convey. However, it
should be noted that 5-HTP did not differentially affect looking to faces expressing
threatening, affiliative, or submissive facial expressions. This could be because of the very
long window of time during which animals were allowed to freely look and may have
washed out differences in looking to different categories of expressive faces. In addition,
in Chapter 3 we found that 5-HTP did not impact orienting or inhibition behaviors to
conspecific faces exhibiting threatening and affiliative expressions differently, although
this could be because images disappeared from the screen as soon as animals look at them.
Ongoing work seeks to clarify the effect of 5-HTP on attention to expressive faces with
attentional capture and biased attention paradigms. In addition, the non-expression-specific
results observed could also because, in both Chapter 2 and Chapter 3, static facial
expressions used as stimuli. Macaque facial expressions rely on dynamic components and
macaques look differently to still faces, videos, and live conspecifics (Dal Monte et al.,
2016). Future work would benefit from comparing the effect of 5-HTP on attentional
allocation to still faces and dynamic videos.
While there are many benefits associated with collecting social information(Evers
et al., 2012), there are also costs. Monitoring others not only causes animals to miss out on
gaining food sources, but it also leaves them less time to monitor the environment for
predators and environmental risks, as described in Chapter 1. For this reason, more
egalitarian species of primates, like tamarins, spend relatively more time monitoring their
non-social environment, while squirrel monkeys, who have more hierarchical societies,
dedicate more time to monitoring conspecifics (Caine and Marra, 1988). There are also
social risks to monitoring others; direct eye contact can be considered a threat to primates
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including macaques (Maestripieri, 1997). Because of this, adult macaques punish their
young for engaging in eye contact as they age (Coss et al., 2002). However, high ranking
mothers are less restrictive than low-ranking mothers and punish their infants’ direct gaze
less (White and Hinde, 1975) and this may be the reason that sons of high-ranking mothers
look at conspecifics eyes more than those raised by low-ranking mothers (Paukner et al.,
2018). Adult macaques generally direct monitoring towards those of higher dominance
rank (Evers et al., 2012), and it seems that middle ranking individuals orient to conspecifics
more, but look for a shorter duration each time, compared to their low or high-ranking
peers (Haude et al., 1976). This could reflect middle ranking individuals balancing the need
to be vigilant towards conspecifics, because their ranks are particularly volatile, while also
avoiding accidentally aggressing to others. The serotonergic system has a well-studied role
in dominance status (Higley et al., 1992; Higley et al., 1996c; Higley et al., 1996d;
Mehlman et al., 1997; Westergaard et al., 1999; Zajicek et al., 2000; Kaplan et al., 2002;
Howell et al., 2013), impulse control (Mehlman et al., 1994a; Krakowski, 2003; Eagle et
al., 2008; Bari and Robbins, 2013; Roberts et al., 2020), and flexibility (Roberts et al.,
2020) and thus is an ideal candidate for regulating these behavior.
In Chapter 3 I described the role of serotonin in the balance required to sometimes
monitor others, while at other times inhibiting the monitoring of others. I causally increased
central concentrations of serotonin, again with 5-HTP, and found that 5-HTP impaired
performance during orientation and inhibition trials and decreased animals’ ability to
flexibly switch from orienting to inhibiting. Gendel and Golding found that oral 5-HTP
impaired decision making in an Iowa Gambling Task, particularly when subjects were
uncertain of reward contingencies early in testing (Gendle and Golding, 2010). 5-HTP also
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decreased the likelihood that subjects would switch choices between “decks” in the task
and while these effects do not seem to have been due to increased preservation, they do
indicate a reduction in flexible decision making (Gendle and Golding, 2010). These results
provide evidence for serotonin’s role not only in monitoring others, but also in social
inhibition and flexibly balancing social monitoring.
It also seems that 5-HTP’s effects on performance, as reported in Chapter 3, are
associated with a down regulation of arousal and motivational states. 5-HTP’s impairments
to performance were associated with a constriction of the pupil, an increase in the time
taken to initiate trials, and an increase in reaction time. The directional relationship between
central serotonin and motivation is not clear. While SSRIs may increase motivation
(Meyniel et al., 2016), they are also associated with indifference and decreased sexual
motivation (Roberts et al., 2020). In addition, high central serotonin has been associated
with a decreased motivation to seek rewards (Roberts et al., 2020). Furthermore, one early
study investigated the effects of 5-HTP on reinforced bar pressing in macaques and found
that 5-HTP abolished bar pressing while simultaneously constricting animals’ pupils,
causing sleepiness, and decreasing animals’ interest in their favored food items (Wada and
McGeer, 1966). We are currently directly testing the relationship between increased central
serotonin and motivation by studying the effect of 5-HTP manipulations with a novel social
motivation task. The directional relationship between central serotonin and pupil size
similarly unclear. While 5-HTP seems to constrict the pupil (Reid and Rand, 1952; Page,
1954; Wada and McGeer, 1966; Rapport, 1997; Weinberg-Wolf et al., 2018), other
serotonergic manipulations dilate the pupil (McDougal and Gamlin, 2011; Alusik et al.,
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2014; Cazettes et al., 2020). Future work would benefit from characterizing the effect of
5-HTP and other serotonergic manipulations on autonomic arousal.

5.6

WE NEED TO BETTER UNDERSTAND 5-HTP’S CENTRAL ACTIONS

While results indicate that increasing central concentrations of serotonin may regulate
arousal and motivation state, the directional relationship is less clear. The unclear direction
of results across previously published studies and the results published in Chapter 3 may
be, again, a result of an inverted u-shaped curve (Fig. 5.1). Perhaps, for example, 5-HTP
might increase orientation and inhibition amongst a population that was at deficit prior to
testing. Testing this would require a large population and benefit from an extensive battery
of cognitive tasks and behavioral assays. In addition, it would ideal to test the effects of
not only 5-HTP but also SSRIs at several different dosages.
Throughout my doctoral research, I have used 5-HTP to increase central
concentrations of serotonin. Since it was first discovered (Twarog and Page, 1953), many
different tools have been used to manipulate the serotonergic system. Because serotonin
cannot cross the blood-brain barrier, increasing central concentrations of serotonin is
typically accomplished by elevating circulating concentrations of serotonergic precursors
(Wurtman and Fernstrom, 1976; Turner et al., 2006) or by inhibiting the re-uptake of
serotonin to the presynaptic cleft with selective serotonin reuptake inhibitors (SSRIs).
Conversely, decreasing central serotonin is accomplished by reducing circulating
concentrations of the serotonergic precursor tryptophan with acute or chronic Tryptophan
Depletion (ATD or TD), although the gastroenterological side effects of these methods
prohibit them from use in animal models (Gessa et al., 1974; Carpenter et al., 1998). In
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addition to these techniques, central serotonin can be ablated in animal models with a
neurotoxin – 5,7 DHT – which specifically targets serotonergic neurons (Harrison et al.,
1997b, 1999; Carli and Samanin, 2000; Clarke et al., 2004; Eagle et al., 2009).
Although underutilized compared to other methods, 5-HTP (Clark et al., 1954;
Bulbring and Lin, 1958) has several advantages, compared to SSRIs or tryptophan loading,
when enhancing serotonergic function in acute, systemic, studies (Birdsall, 1998). 5-HTP
is the immediate precursor to serotonin and is directly converted to serotonin upon crossing
the blood-brain barrier. In fact, in Chapter 2, I confirmed, for the first time in non-human
primates, that acute 5-HTP administrations cross the blood-brain barrier and increase
central concentrations of 5-HTP and serotonin (Weinberg-Wolf et al., 2018). It is thus
administered in smaller doses than tryptophan. Furthermore, it produces fewer collateral
effects on brain catecholamine, trace amine, and kynurenine pathway neurochemistry
(Anderson et al., 2005; Turner et al., 2006). 5-HTP is active for 1-4 hours after injection
(Magnussen and Van Woert, 1982; Westenberg et al., 1982) or ingestion (Lynn-Bullock et
al., 2004) allowing finer temporal control than tryptophan loading or SSRIs. In addition,
only one SSRI, citalopram, is able to be delivered intravenously when all other SSRIs,
tryptophan loading, and tryptophan depletion require oral administration. Oral
administration in animals limits the ability to finely control the timing and dosage of drug
administration. In comparison, 5-HTP can be suspended in sterile water and injected
intramuscularly(Weinberg-Wolf et al., 2018). Finally, although SSRIs appear to produce
rapid acute increases in central extracellular serotonin, some of their effects on serotonergic
function and on behavior require chronic administration (Duman et al., 2016). However,
5-HTP is understudied compared to other serotonergic manipulations and this means that
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several impacts of 5-HTP on the brain are unknown. For example, it is not known if 5-HTP
increases serotonin universally across the brain, or if it has specific effects on brain regions.
It is known, however, that 5-HTP increases transmission within the dorsal raphe nuclei
(Lynn-Bullock et al., 2004), the main hub of serotonergic transmission. While 5-HTP has
been tested as an intervention in the treatment of depression and anxiety (Kahn and
Westenberg, 1985; Young, 1996; Shaw et al., 2002; Turner et al., 2006; Javelle et al.,
2019), its effects on basic behavior and cognition are relatively unknown.
Serotonergic function can also be improved or impaired with agonists or
antagonists, which directly act on serotonergic receptors, the serotonin transporter protein,
or proteins requisite for serotonin’s competent synthesis or degradation (Carli and
Samanin, 2000; Winstanley et al., 2005). However, the serotonergic system is extremely
complex. Currently, 14 serotonin receptor subtypes have been identified (Kitson, 2007;
Niesler et al., 2007), but their functions and distributions across the brain and not fully
characterized (Barnes and Sharp, 1999; Nichols and Nichols, 2008). In addition, many
serotonergic agonists and antagonists are non-selective to other serotonergic receptors, but
also to other catecholaminergic receptors (Grottick et al., 2001; Porras et al., 2002; Adams
et al., 2005; Berg and Clarke, 2009; Meltzer and Roth, 2013; Wacker et al., 2013; Wang et
al., 2013; Yamazaki et al., 2018) and the field would benefit from the development of more
selective serotonergic agonists and antagonists. Cameron Martel and I are currently
working on a natural language processing meta-analysis empirical studies (10,534
qualifying articles as of June 16, 2020) to summarize the known relationships between
receptors and functions. This literature is heavily skewed by work on depression (23.28%)
and anxiety (16.14%). The literature is also skewed towards the 1A (53.46%), 2A
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(23.31%), and 2C (16.58%) receptors. The field would further benefit from comprehensive
studies comparing serotonin receptor and serotonin transporter binding after treatment with
5-HTP and also the leading SSRIs. Given literature which suggests early exposure to
serotonin may dysregulate the serotonergic system via autoreceptors and decreased
serotonergic terminals (Whitaker-Azmitia and Azmitia, 1986; Whitaker-Azmitia, 2001;
Whitaker-Azmitia, 2005; Kiser et al., 2012; Harrington et al., 2013; Adamsen et al., 2014),
future work would also benefit from investigating how 5-HTP impacts serotonergic
autoreceptors throughout development.

5.7

WE NEED TO BETTER UNDERSTAND HOW THE SEROTONERGIC
SYSTEM WORKS WITH OTHER NEUROMODULATOR SYSTEMS

While the serotonergic system is implicated in cognition and behaviors central to socially
competency, it does not act alone. Serotonergic transmission interacts with both dopamine
and norepinephrine (Harrison et al., 1997b; Lynn-Bullock et al., 2004; Winstanley et al.,
2005; Hensler et al., 2013; Fischer and Ullsperger, 2017; Roberts et al., 2020). Some of the
effects of 5-HTP and other serotonergic manipulations are likely due to downstream effects
on other catecholamines (Lichtensteiger et al., 1967). However, in the supplementary
materials of Chapter 2, I reported that intramuscular 5-HTP did not increase CSF
concentrations of norepinephrine, nor tyrosine, the main precursor of dopamine and
norepinephrine, nor homovanillic acid (HVA), the main dopamine metabolite. Future work
with the same data included in Chapter 4 will assess the relationship of central
concentrations of 5-HIAA with HVA and 3-Methoxy-4-hydroxyphenylglycol (MHPG),
the main norepinephrine metabolite.
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Oxytocin (OT) and serotonin are also increasingly being studied in tandem. OT has
been widely implicated in social cognition, influencing multiple stages of social
processing, including social attention and valuation (Piva and Chang, 2018). OT increases
attention to social stimuli (Parr et al., 2016; Dal Monte et al., 2017), particularly to the eye
region (Dal Monte et al., 2014; Kotani et al., 2017), and also increases gaze following
(Tollenaar et al., 2013; Putnam et al., 2016). Increasing central OT also seems to amplify
social preferences (Chang et al., 2012), regulates social vigilance (Ebitz et al., 2013;
Landman et al., 2014) and differentially modulates attention towards, and brain activation
while viewing, faces exhibiting different expressions (Domes et al., 2013; Parr et al., 2013;
Liu et al., 2015).
Increasing central serotonin release induces OT release in rodents, non-human
primates, and humans (Bagdy and Kalogeras, 1993; Jørgensen et al., 2003; Marazziti et al.,
2012). Conversely, applying OT to the raphe nucleus increases serotonin release (Yoshida
et al., 2009). OT also increases serotonin binding potential in regions associated with social
processing, attention, and valuation in humans (Mottolese et al., 2014). In addition,
serotonin transporter-containing fibers overlap with OT-labeled cells in nonhuman
primates (Emiliano et al., 2007) and OT receptors are expressed in serotonergic cells in the
rodent raphe nucleus (Yoshida et al., 2009; Pagani et al., 2015). Empirical results like these
suggest that the two systems are actively coordinated. It is plausible that the effects of
central serotonergic modulations on social functions may be augmented by their
interactions with central OT.
Impairments in the relationship between the serotonergic and OT systems seem to
be linked to the development of social impairment and ASD. Rodents with impairments in

121

OT have been used as ASD models (Lim et al., 2005; Hammock and Young, 2006) and
developmental hyperserotonemia causes concomitant impairments in central OT and social
behavior (Whitaker-Azmitia, 2005). Hyperserotonergic and hypooxytocinergic biomarkers
of ASD are also correlated across life (Hammock et al., 2012). OT impacts 5-HT1A
receptor binding in social brain regions (Mottolese et al., 2014) and this relationship is
also present in the macaque brain (Lefevre et al., 2017a). Critically, however, while
concentrations of 5-HT1A receptors are comparable for ASD and typical subjects,
intranasal OT increases binding potential only in the latter, but not in the former,
individuals (Lefevre et al., 2017b). OT also increases peripheral serotonin concentrations
in serum free plasma in typical but not in individual with ASD (Lefevre et al., 2017b).
Furthermore, in a rodent model of ASD, pharmacological promotion of serotonergic
function increases social approach behaviors, while OT antagonists block these effects
(Arakawa, 2017) and coordinated activity between OT and 5-HT in the rodent nucleus
accumbens is required for social interactions to be reinforcing (Dölen et al., 2013).
Therefore, the coordination and coactivation of the serotonergic and OT systems seems to
be critical for social functions, and the relationship between the two systems may be
impaired in individuals with ASD. If OT-mediated releases in serotonin were combined
with an endogenous increase in central concentrations of serotonin, changes in social
behavior and social cognition might be greater and more reliable. My ongoing work seeks
to test this hypothesis. I am currently completing a large combinatorial pharmacology
project testing if combining the OT with 5-HTP will improve the size of, and reliability of,
changes in three core social functions; social attention, gaze following, and social
motivation.
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5.8

CONCLUSIONS

Throughout this dissertation I have presented evidence that serotonin plays a critical role
in regulating social competency and the cognitive functions which underlie this
competency, particularly social monitoring behaviors. I consolidated evidence across the
fields of primatology, psychology, and neuroscience to discuss variability in social
competency and other monitoring behaviors and the potential role serotonin plays in this
variability (Weinberg‐Wolf and Chang, 2019). In Chapter 2 I focused on how individual
differences in serotonergic function predict the direction and magnitude of serotonin’s
causal effects on social attentional allocation. In Chapter 3, I expanded upon this work
and discussed how serotonin impairs the inhibition of social gaze to conspecifics by
downregulating arousal and motivational states. In Chapter 4, I reported that an enriched
early social experience is critical for serotonergic function to predict social rank, a proxy
measure for social competency in macaques.
Throughout Chapter 5, I consolidated these findings and situated them into existing
literature to expand on the existing framework of the two-mode model of self-regulation
and support my hypothesis on the role, both evolutionarily and developmentally, of
serotonin in social monitoring and social competency in non-human primates. These
findings provide a new lens throughout which to consider the role of serotonin in ASD and
other psychopathologies like depression and anxiety and their development. While the field
would benefit from translating these findings from animal models to humans, these
findings provide novel interpretations for variability in patient treatment outcomes for
individuals with ASD and those suffering from other psychopathologies for which
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serotonergic drugs are often used relied upon to treat. Improving our understanding of the
role of serotonin in these cognitive functions is an imperative and continued endeavor.
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6
Appendix

Supplementary Information:
The effects of 5-Hydroxytryptophan on attention and central serotonin
neurochemistry in the rhesus macaque
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6.1

SUPPLEMENTARY MATERIALS AND METHODS

6.1.1

SURGERY

Before testing began, subjects received a surgically implanted head-restraining device to
allow for accurate video tracking of eye movements. At the time of surgery, anesthesia was
induced with ketamine hydrochloride (10 mg/kg i.m.) and maintained with isoflurane (1.03.0%, to effect). Subjects received isotonic fluids via an intravenous drip. Aseptic
procedures were employed. Heart rate, respiration rate, blood pressure, expired CO 2, and
body temperature were monitored throughout the procedure. After the head restraining
device implantation was completed, the wound around the base was closed in anatomical
layers. Subjects received a peri- and post-operative treatment regimen consisting of 0.01
mg/kg buprenorphine every 12 hours for 3 days, 0.1 mg/kg meloxicam once daily for 3
days, and 5 mg/kg baytril once daily for 10 days. Subjects were allowed 40+ days of
recovery after the implant surgery before training began and were slowly acclimated to
head restraint over a week of training.

6.1.2

CSF ANALYSIS PROTOCOLS

Samples with gross blood contamination (>0.1%), as indicated by pink coloration, were
excluded prior to screening for hemoglobin. Limiting blood contamination to <0.1% was
sufficient to ensure that analyses other than serotonin were not affected by blood. However,
all CSF samples analyzed for serotonin were screened more rigorously for blood
contamination by measuring hemoglobin using Multistix 8 SG reagent strips for urinalysis
(Bayer Corp., Elkhart, IN), which can detect approximately 0.2 μg/ml of hemoglobin. As
previously demonstrated, screening for hemoglobin and using only those samples with <10
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ppm blood limited blood-derived serotonin in CSF to less than 10 pg/ml (Anderson et al.,
2005). Neurochemical analyses levels of CSF 5-HTP, serotonin, 5-HIAA, homovanillic
acid (HVA), tryptophan, tyrosine, and norepinephrine were determined using reversephase high performance liquid chromatography (HPLC) as previously described
(Anderson et al., 1987a; Anderson et al., 1987b; Anderson et al., 1990b; Anderson et al.,
2002).
Samples with any detectable blood contamination were excluded from serotonin
and norepinephrine analysis – a total of 4 samples were excluded. The final 5-HTP CSF
data therefore included samples collected after injection of saline, 20mg/kg, and 40mg/kg
5-HTP from 4 subjects with an additional subject contributing samples at saline and
40mg/kg and a final subject contributing samples at 40mg/kg. The final serotonin CSF data
set was more restricted and includes saline data from 4 subjects, 20mg/kg 5-HTP data from
3 subjects, and 40mg/kg data from 4 subjects.

6.1.3

ADDITIONAL INFORMATION ON EXPERIMENTAL DESIGN

The subjects sat in a primate chair (Precision Engineering Co.) 47 cm away from the screen.
MATLAB (Math Works) with Psychtoolbox (Brainard, 1997) and Eyelinktoolbox (Pelli,
1997) was used to display stimuli and collect eye position data. Horizontal and vertical eye
positions were sampled at 1,000 Hz using an infrared eye monitor camera system (SR
Research Eyelink). Monkeys first acquired and held a central fixation square for 300 ms to
receive a 0.1 mL bridge juice reward. After the bridge reward, either a social (a conspecific
face) or a non-social stimulus (scrambled face, or landscape scene) was displayed centrally
for 5,000 ms. Subjects received a larger, 0.3 mL, juice reward at stimulus offset regardless
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of the image type or of how long the subjects looked at the stimuli (Fig. 2.1A). A solenoid
valve controlled the delivery of the fluid reward.
Valid trials were defined as those in which the monkeys successfully held fixation
for 300 ms during the pre-image fixation interval. If monkeys broke the fixation, the trial
was aborted, no image appeared, and the animal was not rewarded and instead received a
1,500 ms timeout. We included all successful trials even if the animals did not look at the
image displayed after the initial fixation was completed.
Our main behavioral measure of interest was looking duration, expressed as the
total time the monkey spent looking at an image. Valid trials were defined as those in which
the monkeys successfully held fixation for 300 ms during the pre-image fixation interval.
If monkeys broke fixation, the trial was aborted, no image appeared, and the animal was
not rewarded and instead received a 1,500 ms timeout. We included all successful trials
even if the animals did not look at the image displayed after the initial fixation was
completed. We excluded trials from the analysis that were more than two standard
deviations away from the mean looking duration within dose and image category. Using
this criterion we excluded only 3% of our trials.

6.1.4

DATA ANALYSES

To directly examine whether 5-HTP modulated looking duration to images, we calculated
the total time animals spent looking at social and non-social images. Data were averaged
within sessions. Looking duration was assessed using a 3x2 ANOVA model specifying
drug dose (saline, 20mg/kg 5-HTP, and 40mg/kg 5-HTP) and image category (social versus
non social) as fixed factors. To account for the fact that 5-HTP increased looking duration
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in 3 animals, but decreased looking duration in 3 animals (Fig. 2.2A), we quantified the
magnitude of the change in looking duration due to 5-HTP. For each session we calculated
the absolute value of the percent change in looking duration from the average of all saline
sessions. We ran a 2x3 ANOVA model specifying image category (social versus non
social) and drug dose (saline, 20mg/kg 5-HTP, and 40mg/kg 5-HTP) as fixed factors. All
sessions of the saline data were included in our model and normalized to the average of
saline; this conservative approach accounts for variability in looking duration during saline
sessions. Direct post hoc comparisons were made with two tailed independent t-tests and
P-values were corrected for multiple comparisons with a Tukey test. Correlations were
reported by calculating a Pearson's linear correlation coefficient.
We also asked if 5-HTP modulated looking duration differently depending on
stimulus monkeys’ facial expressions and gaze directions by examining magnitude change
due to 5-HTP for each social image category. Session averaged data was assessed using a
3x2x4 ANOVA model specifying drug dose (saline, 20mg/kg 5-HTP, and 40mg/kg 5HTP), stimulus face gaze direction (directed vs. averted), and stimulus monkey expression
(threat vs. fear grimace vs. lip smack vs. neutral). This analysis allowed us to determine if
5-HTP differentially modulated looking duration to images based on facial expression and
gaze direction. Direct post hoc comparisons were made with two tailed independent t-tests
and the P-value was corrected for multiple comparisons with a Tukey test.
To examine individual’s attention to the eyes and mouth, we calculated the
percentage of trials that subjects looked within the eye or mouth regions during each sliding
window (non-overlapping 50 ms bins) throughout the image presentation (5,000 ms)
during saline sessions. To calculate the amount of time subjects looked at the eye and
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mouth regions of social images, one researcher custom created a rectangular region of
interest for the eyes and mouth separately on each image while another researcher
confirmed all regions. The coordinates of each region were maintained in a custom
MATLAB script and used to determine when subjects looked within these regions on each
stimulus. This allowed us to compensate for systemic size differences in the eye and mouth
based on expression and gaze direction without reducing the ecological validity afforded
by using large numbers of unedited images. The total time the subjects spent looking within
the boundaries of the image, eye, and mouth were calculated using a custom script written
in MATLAB. We included all successful trials (see above) but required at least one fixation
to the image. We averaged across the entire time window to calculate the mean
probabilistic looking to each the eyes and mouth. We then quantified the absolute value of
the percent change in probabilistic looking to the eyes and mouth due to 5-HTP, for
20mg/kg and 40mg/kg, to account for 5-HTP’s bi-directional effects. This allowed us to
examine differences in 5-HTP’s effect on probabilistic looking to the eyes and mouth due
to stimulus monkey gaze direction and facial expression. Data were averaged within
sessions, and the magnitude change in probabilistic looking were assessed using two
separate 3x2x4 ANOVA models, one for the eyes and one for the mouth, each specifying
drug dose (saline, 20mg/kg, and 40mg/kg 5-HTP), stimulus face gaze direction (directed
vs. averted), and stimulus monkey expression (threat vs. fear grimace vs. lip smack vs.
neutral). Direct post hoc comparisons were made with two tailed independent t-tests and
the P-value was corrected for multiple comparisons with a Tukey test. The correlations
between probabilistic looking to the eyes or mouth at saline and percent change due to 5HTP were reported by calculating a Pearson's linear correlation coefficient.
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To quantify anticipatory looking, we calculated the percentage of trials during
which subjects looked at the region of the screen where the new fixation stimulus would
later in time appear within each sliding window (non-overlapping 50 ms bins) throughout
the inter-trial interval (ITI, 1500 ms). We averaged across this time window to determine
a mean probabilistic looking. Once again, we accounted for 5-HTP’s bi-directional effects
by calculating the absolute value of the percent change in anticipatory looking due to 5HTP. Data were averaged within sessions, and differences in the absolute value of the
percent change in anticipatory looking were assessed using a one way ANOVA model
specifying drug dose (saline, 20mg/kg 5-HTP, and 40mg/kg 5-HTP). Direct post hoc
comparisons were made with two tailed independent t-tests and the P-value was corrected
for multiple comparisons with a Tukey test. The correlation between anticipatory looking
at saline and percent change in anticipatory looking due to 5-HTP was reported by
calculating a Pearson's linear correlation coefficient.
Changes in CSF concentrations and pupil size were assessed using repeated
measures ANOVA models specifying drug dose (saline, 20mg/kg 5-HTP, and 40mg/kg 5HTP) as a fixed factor. For each of these analyses, we carried out direct post hoc
comparisons with two tailed independent t-tests and corrected the P-value for multiple
comparisons with a Tukey test.
Finally, correlations between percent change in looking duration from saline, raw
looking duration, and CSF concentrations were reported by calculating a Pearson's linear
correlation coefficient.
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6.2

SUPPLEMENTARY RESULTS

6.2.1

EXOGENOUS 5-HTP DOES NOT INCREASE CSF CONCENTRATIONS OF
5-HIAA, HOMOVANILLIC ACID (HVA), TRYPTOPHAN, TYROSINE, OR
NOREPINEPHRINE.

We first tested if 5-HTP administrations increased central concentrations of 5-HIAA,
HVA, tryptophan, tyrosine, and norepinephrine. Subjects’ CSF was sampled at one hour
after an injection of saline, 20mg/kg 5-HTP and 40mg/kg 5-HTP. Drug injections did not
affect central 5-HIAA

concentrations

(F(2,3)=1.29, P=0.33, ANOVA), HVA

concentrations (F(2,3)=1.20, P=0.36, ANOVA), tryptophan (F(2,3)=1.72, P=0.25,
ANOVA), tyrosine (F(2,3)=1.24, P=0.35, ANOVA), or norepinephrine (F(2,3)=0.37,
P=0.72, ANOVA).

6.2.2

CENTRAL CONCENTRATIONS OF 5-HIAA, HOMOVANILLIC ACID
(HVA), TRYPTOPHAN, TYROSINE, OR NOREPINEPHRINE DO NOT
PREDICT 5-HTP’S EFFECTS ON ATTENTION.

To determine if central concentrations of serotonergic compounds were related to 5-HTP’s
bi-directional effects on attention, we compared behavioral changes to saline CSF
concentrations of 5-HIAA, tryptophan, tyrosine, and norepinephrine. We found that
baseline tryptophan and HVA concentrations were correlated with the percent change in
looking duration due to 5-HTP (tryptophan: r= 0.77, P=0.01; HVA: r= 0.80, P<0.01), while
baseline 5-HIAA concentrations trended to be correlated with the percent change in
looking duration (r= 0.62, P=0.05). However, baseline concentrations of neither
norepinephrine nor tyrosine were correlated with the percent change in looking duration
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due to 5-HTP (norepinephrine: r= 0.56, P=0.15; tyrosine: r= 0.50, P=0.14). This suggests
that baseline concentrations of serotonergic related compounds might be related to 5-HTPs
effects on attention and that dopaminergic activity could play a role as well.

6.2.3

EFFECTS OF 5-HTP ON FACIAL EXPRESSION AND GAZE DIRECTION

Macaques rely on stereotyped facial expressions to communicate. In our task, macaques
viewed faces of conspecifics exhibiting neutral expressions, open-mouth threat
expressions, fear-grimace submissive expressions, and affiliative lip-smack expressions
with either directed or averted gaze (de Waal and Luttrell, 1985; Maestripieri, 1997;
Maestripieri and Wallen, 1997; Partan, 2002). Given that rhesus macaques rely on facial
expression and gaze direction to evaluate social information, we investigated whether 5HTP manipulated looking duration to social images differently depending on the
expressions (threat vs. fear grimace vs. lip smack vs. neutral) and gaze direction (directed
vs. averted) conveyed by stimulus monkeys. We found that while drug dose (saline,
20mg/kg 5-HTP, and 40mg/kg 5-HTP) impacted the magnitude change in looking duration
to social images (F(2, 1150)=78.14, P<0.001, Figs. 6.2, 6.3), neither facial expression (F(3,
1150)=0.81, P=0.50, Figs. 6.2, 6.3) nor gaze direction (F(1, 1504)=1.00 P=0.32, Figs. 6.2,
6.3) impacted the magnitude change in looking duration to social images due to 5-HTP.

6.2.4

GENETIC VARIATION RESULTS

Extensive work has indicated that variation in three genes related to the production and
transportation of serotonin is associated with decreased serotonergic function.
Furthermore, these minor alleles have been extensively implicated in impaired social
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attention (Beevers et al., 2010; Pérez-Edgar et al., 2010; Beevers et al., 2011), increased
impulsive aggression (Dobson and Brent, 2013), social anxiety (Hariri and Holmes, 2006),
as well as a variety of impaired social abilities (Canli and Lesch, 2007). All six subjects
were genotyped for these three alleles: the polymorphic region of the serotonin transporter
(5-HTTLPR), tryptophan hydroxylase 2 (TPH-2), and monoamine oxidase A (MAO-A)
(Watson et al., 2009). All subjects were dominant homozygote for the rh5-HTT. For the
rh-MAOA, four subjects displayed the six repeat allele, one subject displayed the five
repeat allele and one subject displayed the seven repeat allele. Matching our hypothesis,
the individual with the rh7 fell into the low baseline looking group and the individual with
the rh5 fell into the high baseline looking group. Mechanistically this is logical as lower
MAOA expression corresponds to less serotonin degradation. As a result, input of
serotonin into the system could result in longer effects of serotonin. Five subjects displayed
dominant homozygote alleles for the rh-TPH2 polymorphism. However, one subject was
heterozygous long/short. Again matching our expected hypothesis, the presence of a long
allele mapped onto an individual that displayed low initial looking behavior. Long alleles
are linked to lower social interest so it is again logical to see the individual expressing the
recessive allele displaying a reduced attention prior to addition to serotonin. While, these
results cannot be interpreted statistically due to the small sample size, it is interesting that
those who exhibited genetic variants had the expected behavior associated with those
variants.
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6.3

SUPPLEMENTARY DISCUSSION

6.3.1

EFFECTS OF 5-HTP ON SALIENT FACIAL FEATURES
The looking behavior effects of 5-HTP were larger for images with conspecific

faces conveying directed gaze and non-neutral expressions. In rhesus macaques, threat
faces signal dominance, fear-grimaces signal context dependent subordinance, and lipsmacks are used to affiliate and diffuse conflict (de Waal and Luttrell, 1985; Maestripieri,
1997; Maestripieri and Wallen, 1997; Partan, 2002). The mouth is generally considered the
most salient facial feature, especially when images are presented statically, that macaques
use to differentiate these expressions (Partan, 2002; Waller and Micheletta, 2013). In
addition, previous work has shown that macaques saccade to the eye region of directed
faces earlier and for longer than averted faces (Leonard et al., 2012), exhibit gaze following
behavior from infancy, and have evolved circuitry to follow the social and non-social gaze
of conspecifics (Emery, 2000). Cells within the macaque amygdala, orbitofrontal cortex,
and superior temporal sulcus are specifically tuned to follow the gaze of conspecifics
(Allison et al., 2000) and play a role in shifting gaze to conspecifics (Chang et al., 2015).

6.3.2

CONSIDERATION FOR FUTURE WORK
Future work should take steps to investigate how differences in receptor density

and receptor binding relate to differences in central serotonergic turnover rate and also
investigate how this variation relates to differences in baseline attention. While we were
able to collect many sessions of data from each animal, due to the invasive nature of CSF
draws, we were limited to, at most, one sample of CSF per animal per drug dose, and CSF
was collected on different days than behavioral measures. Future work replicating our
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findings with more animals could further clarify individual differences in attention and
central serotonergic concentrations. Amongst our sample of 6 monkeys, there were no
consistent differences in age, dominance status, or health of any animals. Detecting any
such potential relationships would require a larger sample size.
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6.4

SUPPLEMENTARY FIGURES

FIGURE 6.1 5-HTP di-directionally modulates task engagement. A) The probability,
expressed as the percentage of trials, that animals look at the region near the fixation
during the inter-trial-interval. Baseline anticipatory looking is negatively correlated with
the percent change in anticipatory looking due to 20mg/kg (green) and 40mg/kg (red) 5HTP. Each shape represents an individual subject’s data. B) Average time plots for low
and high baseline animals to illustrate 5-HTP’s bi-directional effect on anticipatory
looking. (green, 20 mg/kg; red, 40 mg/kg; blue, saline).

137

FIGURE 6.2 Raw looking to conspecific faces, versus scrambled faces and landscape
images. Looking duration from saline sessions is shown in blue, 20mg/kg 5-HTP sessions
in green, and 40mg/kg 5-HTP sessions in red. Data is plotted per subject. A) Low baseline
looking animals. B) High baseline looking animals. Soc. stands for social images, Scr.
stands for luminance matched scrambled images, Land. stands for landscape images. Each
shape corresponds to the data of a single subject.
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FIGURE 6.3 Percent change in looking duration to conspecific faces, versus scrambled
faces and landscape images due to 5-HTP. Labeling conventions are the same as in Figure
6.2.
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FIGURE 6.4 Raw looking duration to each social image category. Looking duration from
saline sessions is shown in blue, 20mg/kg 5-HTP sessions in green, and 40mg/kg 5-HTP
sessions in red. Data is plotted per subject. A) Low baseline looking animals. B) High
baseline looking animals. T refers to faces exhibiting threat expressions, S refers to faces
exhibiting fear grimaces, L refers to faces exhibiting lip smacks, and N refers to faces
exhibiting neutral expressions. Each shape corresponds to the data of a single subject.
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FIGURE 6.5 Percent change in looking duration to each social image category due to
5-HTP. Labeling conventions are the same as in Figure 6.4.
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6.5

SUPPLEMENTARY TABLES

HVA
HVA
5-HIAA
5-HT
5-HTP
TRP
TYR

Pair-wise correlation of CSF concentrations for all data points
5-HIAA
5-HT
5-HTP
TRP
TYR
r= 0.72
r= -0.34
r= 0.04
r= 0.69
r= 0.7
P< 0.01
P= 0.31
P= 0.90
P< 0.01
P= 0.80
r= 0.24
r= 0.55
r= 0.63
r= -0.23
P= 0.48
P= 0.03
P= 0.01
P= 0.41
r= 0.78
r= -0.27
r= -0.64
P< 0.01
P= 0.43
P= 0.03
r= -0.06
r= -0.37
P= 0.83
P= 0.17
r= -0.16
P= 0.58

NE
r= 0.14
P= 0.68
r= 0.26
P= 0.44
r= 0.12
P= 0.73
r= 0.01
P= 0.98
r= 0.43
P= 0.18
r= -0.11
P= 0.75

NE

TABLE 6.1 Pair-wise correlation of CSF concentrations of monoamines, their precursors,
and metabolites, for all data points. Significant correlations are bolded while trending to
significant correlations are in italics.

HVA
HVA
5-HIAA
5-HT
5-HTP
TRP
TYR

Pair-wise correlation of CSF concentrations for data collected after i.m. 5-HTP
5-HIAA
5-HT
5-HTP
TRP
TYR
NE
r= 0.75
r= -0.08
r= 0.59
r= 0.50
r= -0.15
r= -0.62
P= 0.01
P= 0.86
P= 0.07
P= 0.14
P= 0.68
P= 0.14
r= 0.29
r= 0.93
r= 0.67
r= -0.40
r= -0.24
P= 0.53
P< 0.01
P= 0.03
P= 0.25
P= 0.60
r= 0.41
r= 0.09
r= -0.41
r= 0.03
P= 0.36
P= 0.85
P= 0.35
P= 0.95
r= 0.63
r= -0.49
r= 0.01
P= 0.05
P= 0.15
P= 0.99
r= -0.60
r= -0.06
P= 0.06
P= 0.89
r= -0.46
P= 0.30

NE

TABLE 6.2 Pair-wise correlation of CSF concentrations of monoamines, their precursors,
and metabolites, but only for data collected after i.m. 20 mg/kg 5-HTP and 40 mg/kg 5HTP. Same significance notations as Table 6.1.
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HVA
HVA
5-HIAA
5-HT
5-HTP
TRP
TYR

Pair-wise correlation of CSF concentrations for data collected after i.m. saline
5-HIAA
5-HT
5-HTP
TRP
TYR
NE
r= 0.92
r= 0.99
r= 0.85
r= 0.99
r= 0.55
r= 0.96
P= 0.03
P< 0.01
P= 0.07
P< 0.01
P= 0.30
P= 0.04
r= 0.83
r= 0.66
r= 0.92
r= 0.59
r= 0.96
P= 0.17
P= 0.22
P= 0.03
P= 0.30
P= 0.04
r= 0.87
r= 0.97
r= 0.23
r= 0.91
P= 0.13
P= 0.03
P= 0.77
P= 0.09
r= 0.87
r= 0.75
r= 0.73
P= 0.05
P= 0.14
P= 0.27
r= 0.61
r= 0.98
P= 0.27
P= 0.02
r= 0.56
P= 0.44

NE

TABLE 6.3 Pair-wise correlation of CSF concentrations of monoamines, their precursors,
and metabolites, but only for data collected after i.m. saline. Same significance notations
as Table 6.1.
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